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ABSTRACT 
OPTIMIZED IDENTIFICATION OF FECAL POLLUTION SOURCES IN A 
RURAL TIDAL WATERSHED IN COASTAL NEW HAMPSHIRE 
by 
Sana B. Hussain 
University of New Hampshire, December, 2011 
Escherichia coli ribotyping was used to identify fecal contamination 
sources in Crommet Creek- a tidal creek that drains into Great Bay and 
contaminates shellfishing beds. Water samples were collected during late 
summer through late fall. Fecal samples were collected to establish a local 
source species database. Fecal indicator bacteria were enumerated from water 
samples and ribotyping was conducted by using EcoR1 restriction enzyme 
digestion and an automated RiboPrinter©. There was consistent relative 
abundance between source types with wild animals and birds as the primary 
sources. An optimized approach for maximizing source identification involved 
using a 90% similarity threshold and prioritizing the first (local) database, then the 
second (larger area), and the third (regional) database for source identification. 
Using this approach, 67% of the E. coli water sample isolates were identified to 
sources, mainly as geese, deer, and fox, suggesting that diminishing of these 
sources could improve water quality. 
CHAPTER I 
INTRODUCTION 
Approximately 13% of surface waters in the United States are impaired 
based on the concentrations of fecal-borne indicator bacteria (USEPA, 2005). 
Fecal indicator bacteria (FIB) such as fecal coliforms, enterococci and 
Escherichia coli are the most commonly used indicators of fecal contamination 
and of potential public health risk brought about by contact with contaminated 
waters and/or shellfish that may result in human disease transmission. FIB can 
originate from human and non-human sources and the relative public health 
concern can be addressed with that delineation (Parveen et al., 1999). 
The public health threat from human sources of fecal contamination is well 
documented and waterborne outbreaks occur upon contact with water bodies 
contaminated with human fecal matter or sewage (Levy et al., 1998; Upton, 
1999). The public health threat from domestic or agricultural animals is assumed 
to be less than from human sources because viruses originating from domestic 
or agricultural sources are highly host specific (Craun et al., 2004). The risk of 
such sources causing waterborne zoonotic infections has not been thoroughly 
studied (Till et al., 2004). Even less is known about the public health risk from 
wild animals yet such sources have been shown to be host to emerging and re-
emerging waterborne zoonotic pathogens (Bolin et al., 2004). In addition, 
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protozoan and bacterial pathogens of wild animals can infect humans while 
others are host-adapted and do not pose a threat to human health (Appelbee et 
al., 2005; Zhou et al., 2004a, b). Therefore, the identification of the source of 
fecal contamination is key in determining the public health risk associated with 
the contamination. 
According to the Clean Water Act, water quality standards must be 
adopted by states that are compatible with pollution control programs aimed at 
decreasing the discharge of pollutants into water systems. Despite such 
regulations that have been in place for decades, water systems continue to fail at 
meeting their designated uses due to high fecal bacteria levels. Therefore under 
Section 303(d) of the Clean Water Act, lists of impaired waters are required to be 
developed by states. These lists of impaired waters must then be prioritized and 
a Total Maximum Daily Load (TMDL) must be developed. A TMDL is the 
maximum amount of a pollutant that can enter a water body but still have it meet 
water quality standards (USEPA, 1991). The degree of impairment of a water 
system for fecal contamination is typically evaluated by monitoring fecal indicator 
bacteria (USEPA, 2005). In addition to being a public health threat, fecally 
contaminated waters also pose an economic challenge due to closed shellfishing 
beds and beaches. The most efficient angle to approach management of such 
areas is to first identify the major pollution sources of contamination and then 
pursue remediation or elimination of pollution sources. A reliable method of 
identifying the major sources is critical for the preservation and sustainability of 
our water systems (USEPA, 2005). 
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The Challenge of Fecal Pollution Reduction 
Non-point pollution sources are seen as a significant contributor to fecal 
bacteria levels in water systems nationwide and New Hampshire is 8th nationwide 
for number of impaired waters (USEPA, 2008a). There are a variety of non-point 
sources ranging from farming operations to malfunctioning septic systems. 
Identifying non-point sources of contamination in surface waters is a challenge 
that is exacerbated with urban expansion impeding natural habitats and 
traditional approaches for identifying sources of microbial pollution can achieve 
only limited success. Some of the microbial pollution can be attributed to point 
sources such as confined animal feeding operations (CAFO) (USEPA, 2005), 
though point sources are less of a problem compared to non-point sources in 
many areas of the US. 
Even with TMDL's being developed and implemented, many of our water 
systems are still impaired (USEPA, 2008a). Non-point sources have taken the 
spotlight as major contributors to fecal pollution levels in water systems. 
Nationally, fecal indicator bacteria (FIB) are a major cause of impairment to water 
bodies and the sources of the pollution are largely unknown. There are 1,456 
square miles of bays and estuaries that are impaired due to fecal coliforms. A 
primary identifiable source of pollution to bays and estuaries was natural/wildlife 
(USEPA, 2008a). Wildlife may play a significant role when no human or livestock 
sources are apparent. As previously stated, the disease risk from wild animals is 
not well understood although many zoonotic pathogens are recognized as 
emerging or reemerging (Bolin et al., 2004). 
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In New Hampshire, 9.3 square miles of bay and estuaries are impaired 
due to fecal conforms. Most of the sources are listed as unknown (USEPA, 
2008b). There are many potential fecal pollution sources that may impact a 
water system and it is a challenging but crucial task to identify them (Field and 
Samadpour, 2007). 
Microbial Source Tracking 
Microbial Source Tracking (MST) methods such as antibiotic resistance 
analysis and DNA fingerprinting have been developed to aid in the identification 
of sources of fecal contamination impacting water systems (USEPA, 2005). MST 
techniques can be used to the benefit of a wide array of issues including 
microbial risk management, public health, ecosystem restoration, and 
beach/shellfish harvesting closures. MST methods have been applied in many 
areas to identify pollution sources, yet these methods have limitations and their 
reliable application requires detailed optimization studies (USEPA, 2007). 
Current MST methods are diverse and have many advantages and 
disadvantages based on their approach (Table 1). 
Fecal bacteria densities exceed surface water quality standards in a 
significant portion of monitored surface waters (Field and Samadpour, 2007). A 
key objective for protecting human health and sustainability is to reduce fecal 
pollution levels. The most common ultimate goal for MST efforts is to identify the 
major sources of fecal contamination influencing the water system of interest 
(USEPA, 2005). 
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Several different MST methods such as pulse-field gel electrophoresis 
(PFGE) (Tynkkynen et al., 1999), denaturing-gradient gel electrophoresis 
(DGGE) (Farnleitner et al., 2000), repetitive DNA sequences (Rep-PCR) 
(Dombek et al., 2000), length heterogeneity PCR (LH-PCR) (Bernhard and Field, 
2000a,b), termination restriction fragment length polymorphism analysis (T-
RFLP) (Bernhard and Field, 2000a,b) have been applied for a similar purpose of 
identifying sources of fecal contamination. 
Most applied MST studies to date have relied on a library/database 
dependent approach (USEPA, 2005). A library or host origin database is a 
collection of bacterial isolate patterns from known origin fecal samples. Isolates 
of unknown origin can be identified by comparing the isolate patterns from the 
library to the unknown environmental isolate pattern. The isolate patterns, also 
termed fingerprints, are based on genetic profiles of individual microbial strains. 
These library/database dependent methods include PFGE, DGGE, rep-PCR, and 
ribotyping (Meays et al., 2004). 
Recently many papers have addressed some shortcomings of 
library/database dependent methods. Such methods can have the inability to 
classify many unknown source isolates (Stoeckel et al., 2007). In addition, 
building libraries is not seen as the most efficient approach given time and 
expense (Santo Domingo et al., 2007). Hence, there has been a recent 
transition towards library independent methods based on host-specific PCR 
techniques. These methods do not require cultivation of isolates and could be 
more feasible for automation. 
5 
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Library independent methods are promising but there are critical 
limitations that need attention before widespread application can occur (Santo 
Domingo et al., 2007). In general, significantly less is known about 
library/database independent approaches versus library/database dependent 
approaches and therefore it is not fully possible at this time for the EPA to 
recommend one approach over the other (USEPA, 2005). Stoeckel et al. (2007) 
states that improvements in the validation of MST approaches such as library 
decloning, and diversification and construction of larger libraries to include more 
sources are essential for more effective use of library-dependent methods. The 
field of MST has not reached a point where one method can be discarded or 
recommended universally (Stoeckel et al., 2007). 
Current methodologies of Microbial Source Tracking (MST) may be best 
suited for the identification of only a few potential pollution sources over a small 
spatial and temporal range (Moore et al., 2005). Many studies have shown that 
no specific MST method can be considered to be the optimal way to identify 
sources of pollution. Instead, each MST study must choose which method best 
suits their needs based on their specific circumstances and available resources. 
In this particular MST study, we needed a reproducible method so if needed- the 
work could be performed and checked for precision in the initial development and 
then further use of the method could be optimized based on those initial results. 
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Ribotyping 
One method used to identify the major sources of contamination to the 
water system is ribotyping. It is reproducible and specific method to microbial 
identification as it can classify isolates from multiple sources (Meays et al., 2004). 
The method involves the analysis of DNA fragments encoding 16S ribosomal 
ribonucleic acid (rRNA) to identify bacteria (Carson et al., 2001; Parveen et al., 
1999; Samadpour, 2002). The rRNA is highly conserved in bacteria including E. 
coli. A premise for ribotyping is based on the adaptation of E. coli strains to 
unique environments (various host species/sources) so strains from host to host 
differ from one another (Meays et al., 2004). Bacteria isolated from unknown 
source water samples are then compared to potential source fecal samples to 
determine origin based on the ribotype pattern (ribopattem) that is generated 
when the DNA is fragmented via the use of a restriction enzyme and then 
separated and probed using a ribosomal RNA probe (Farber, 1996; Samadpour, 
2002). The ribopattems of known host sources and unknown sources are then 
compared to identify source (Samadpour, 2002). The potential source fecal 
samples can be of varying spatial and temporal relevance. Kelsey et al. (2008), 
Jones (2008a), Casarez et al. (2007), Jiang et al. (2007), Moore et al. (2005), 
Carson et al. (2001) and Parveen et al. (1999) have all focused on the 
importance of building a local source species database to increase accuracy of 
source identification. The approach has also been used in tidal waters with 
shellfishing implications (Jones, 2008a) as well as other small tidal watersheds to 
study spatial and temporal variability of ribotyping results (Kelsey et al., 2008). 
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Ribotyping can be performed via use of an automated process in a 
RiboPrinter© such as in Casarez et al. (2007) and Jones (2008a) or by non-
automated procedures (Meays et al., 2004; Samadpour, 2002). Both involve a 
process that lyses cells and cuts the DNA into fragments. The isolate banding 
patterns are then compared to the library of sources species ribopatterns. If the 
similarity is equal to or greater than the pre-chosen threshold similarity value then 
the identification is considered successful. If the similarity is below the threshold 
value then the isolate is deemed of unknown origin (Jones, 2008a; Casarez et 
al., 2007). Increasing the similarity threshold value (i.e. 70% similarity to 80% 
similarity) showed an increase in percentage of unidentified water isolates in 
Casarez et al. (2007). Unidentified water isolates may also suggest the evolution 
of unique environmental strains (Kinzelman et al., 2004; McLellan, 2004; Power 
et al., 2005). 
Certain MST methods such as Rep-PCR, Antibiotic resistance analysis, 
use of F-specific RNA coliphages have been found in literature to have low 
reproducibility (Table 1). Antibiotic resistance analysis of bacterial strains has 
been shown to be influenced greatly by spatial and temporal selective pressures 
(Parveen et al., 1999). Also, methods that are considered to be more technically 
intensive such as denaturing gradient gel electrophoresis, length heterogeneity 
PCR, and terminal restriction fragment length polymorphism analysis would be 
difficult to reproduce and optimize given the project's financial and time 
constraints. Pulse field gel electrophoresis has been shown to be a viable option 
for MST studies such as this one. However, it has also been shown that it may 
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be too sensitive and pick up minute genetic differences between strains, making 
identification of pollution sources more difficult. Sensitivity to minute genetic 
differences can be adjusted by the method of ribotyping using a RiboPrinter©. 
Ribotyping is also well established in literature as being able to discriminate 
E. coli strains of animal origin versus that of humans (Parveen et al., 1999, Scott 
et al., 2003). The ribotyping method's geographic specificity can be taken into 
account by creating a spatially and temporally synoptic source species database 
to the study as recommended by Kelsey et al. (2008). Therefore, given the need 
for reproducibility, resource and time constraints, and need for the ability to 
adjust for sensitivity- ribotyping using a RiboPrinter© and creating a local 
database was used in this project's methodology for tracking sources of fecal 
pollution. 
Characteristics of Crommet Creek and Shellfish Harvesting Implications 
Safeguarding our nation's waters is a top priority ultimately because water is vital 
to all biological systems and this project provides insight into a tool to track 
sources of fecal contamination impacting water quality in a water system. The 
purpose of this project was to use and optimize a Microbial Source Tracking 
(MST) tool (E. coli ribotyping) to identify sources of fecal contamination impacting 
water quality in Crommet Creek- a rural tidal watershed in New Hampshire that 
drains into New Hampshire's Great Bay and impacts nearby shellfishing beds. 
MST has a great deal of importance to the shellfish industry because of the close 
link between the water quality of shellfish harvesting areas and the contamination 
levels in the shellfish themselves. MST methods used in shellfish harvesting 
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waters are aimed towards leading to corrective actions and approaches that are 
cost-effective and reasonable for the prevention of outbreaks (Santo Domingo et 
al.,2010). 
The method is reliable, reproducible, and efficient given time and money in 
the scope of evaluating a small watershed for pollution sources (Kelsey et al., 
2008). In addition, Meays et al. (2004) stated that field protocols for ribotyping, 
determining the location and number of sampling sites, number of water samples 
needed, and number of source species fecal samples to collect require further 
studies. 
This study was focused on a small relatively pristine watershed and 
tributary to the Great Bay Estuary to understand the dynamics of fecal-borne 
bacterial pollution. Crommet Creek flows directly into Great Bay and has been 
an area of concern for the New Hampshire Department of Environmental 
Services (NHDES) Shellfish Program because fecal coliform (FC) concentrations 
exceed standards (NHDES, 1998; 2006). Soft shell clams are present in mud 
flats all along the creek east of the Durham Point Road Bridge, and oysters are 
present further into Great Bay along the shore of Adams point. Such small 
creeks are typical of the NH Seacoast, and many act as sources of fecal pollution 
to the whole estuary system, though the actual source species are usually 
unknown. 
The fecal coliform limit is 14 FC/100ml_ in approved shellfishing waters. 
Previous data from the New Hampshire Department of Environmental Services 
(NHDES) has shown elevated concentrations of fecal coliforms at the mouth of 
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Crommet Creek particularly in the late summer and fall. According to the 
NHDES's Shellfishing program's annual reports for the Great Bay area, Crommet 
Creek is classified as restricted for shellfish harvesting. This means no 
recreational harvesting of shellfish is allowed under any conditions. The reason 
for this is largely due to the high fecal coliform concentrations at the mouth of the 
creek. Although shellfish harvesting is not allowed year-round at Crommet 
Creek, the shellfish harvesting season in approved waters around Great Bay is 
generally September through June. 
The timing and duration of this study was a year after NHDES data 
showed elevated concentrations of fecal conforms at the mouth of Crommet 
Creek in 2005. The sampling occurred from late summer through winter which 
has been highlighted as a time of concern with regards to previous results by the 
NHDES (Figure 1). 
The project and its location are significant because: (1) the study area is 
relatively undeveloped yet has shown high fecal indicator bacteria levels 
consistently over recent years, (2) elevated fecal indicator bacteria levels result in 
the closing of shellfishing near the mouth of the water body resulting in loss of 
recreational opportunities, and (3) the setting allowed for the application and 
optimization of a MST method that is reliable, reproducible, and efficient given 
time and money. 
12 
Figure 1: Fecal Coliform (FC) Concentrations at the Mouth of Crommet Creek 
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Hypotheses 
The two main hypotheses surrounding the rationale for this investigation are: 
H-i: The concentrations and distributions of fecal indicator bacteria are related to 
the strength and proximity of fecal pollution from source species and the 
physical/chemical environmental parameters of the water system, 
hb: A source species database constructed synoptically and in close proximity 
with water sampling will increase the accuracy of pollution source identification. 
Objectives 
The specific objectives of this project are to: 
1. Determine the water quality conditions and distributions of fecal indicator 
bacteria at Crommet Creek, NH. 
2. Obtain ribotype banding patterns of E coli isolates from water samples for 
identifying pollution sources by comparison to isolate banding patterns in 
pertinent databases. 
3. Build a local source species database specific to the Crommet Creek study 
area that is geographically and temporally synoptic with water sampling for 
pollution source identification. 
4. Compare identified pollution sources of E. coli from Crommet Creek water 
samples using the local source species database to those from two larger and 
more geographically spread source species databases to help determine an 
optimized approach. 
5. Determine an optimized approach for pollution source identification. 
14 
6. Determine spatial and temporal trends for the identified source species that 
explain the dynamics of fecal pollution sources in Crommet Creek. 
15 
CHAPTER II 
MATERIALS AND METHODS 
Determination of Water Quality Conditions and Distributions of Fecal 
Indicator Bacteria 
Experimental Approach 
Water samples were collected from selected sites in Crommet Creek 
(Figure 2) and environmental and water quality parameters were recorded. 
Water samples were processed for detection and enumeration of fecal indicator 
bacteria at each sampling site and time. The resulting data were analyzed to 
determine the concentration and distribution of the targeted bacteria as well as to 
determine relationships with environmental and water quality parameters. 
Site Selection and Sampling 
Sites were selected in a manner to allow potential origins of pollution to be 
tracked spatially, originating upstream and sampling sequentially downstream 
towards the mouth of Crommet Creek near the Durham Point Rd. Bridge (Figure 
3). Prioritization was given to sites at the mouths of tributaries as well as 
upstream. This allows for a targeted sampling approach that spatially brackets 
potential fecal pollution sources (Kuntz et al., 2003). 
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Water samples were collected using WhirlPack bags at AM low tides for a 
total of ten sampling events occurring twice a month over five months. All 
samples were kept on ice in a cooler and processed within four hours of 
sampling. The sampling period for Crommet Creek samples was from August 
through December 2006. This allowed for a range of seasonal conditions to be 
observed and to highlight effects of seasonal changes on the concentrations of 
fecal indicator bacteria and pollution sources. This time period also corresponds 
to when the New Hampshire Department of Environmental Services (NHDES) 
has observed elevated levels of fecal coliforms and thus a heightened concern 
for pollution of a nearby shellfishing area (NHDES, 1998; 2006). 
Environmental Parameter Measurements 
Bacterial concentrations and distributions can be affected by the 
physical/chemical environmental conditions in the watershed. Data regarding 
salinity, temperature, and dissolved oxygen were gathered using a YSI 85 meter 
(YSI Inc., Yellow Springs, OH, USA) in the field at each sampling site. The pH 
was determined immediately upon return to the laboratory using an Accument AP 
Series Handheld pH/ mV/ Ion Meter (Fisher Scientific, USA). Environmental 
conditions including precipitation state (48 hour total), geographic location, and 
tidal data including tidal amplitude were recorded. The precipitation was 
determined by the Durham, NH weather station record to allow for the distinction 
of wet and dry sampling events. The geographic location was recorded with the 
use of a Magellan Sport Trak GPS device (Magellan Navigation Inc., San Dimas, 
CA, USA) to allow for reproducible sampling throughout the sampling period. 
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Tidal data was determined by the use of the XTide program developed by David 
Flater and maintained by Robert Kenny (rmk@unh.edu). The data collected 
were used to provide a clear picture of all significant environmental 
parameters/conditions surrounding a sampling event. 
Bacterial Analysis 
Bacteria were isolated from each water sample and enumerated using a 
membrane filtration method (USEPA, 1986). For the analysis of E. coli, 1ml_, 
2.5ml_, and 25ml_ volumes of each water sample were filtered using a 47 mm 
diameter 0.45 pore size micrometer nitrocellulose filter. The filter was then 
placed onto an mTEC agar plate which was incubated upside down at 44.5 °C for 
24 hours (USEPA, 2000). 
After incubation, the (pre-urea) yellow colony count was recorded; these 
are presumptive fecal coliforms (Rippey et al., 1987). Then, the filter was 
transferred right side up onto a urea soaked pad for approximately 15 minutes. 
The (post-urea, urease-negative) yellow colony count was recorded; these are 
presumptive E. coli (USEPA, 2000). Ten to twenty post-urea yellow colonies 
were isolated onto Tryptic Soy Agar (TSA) for storage for use in ribotyping. 
These plates were incubated upside down at 35 °C for 24 hours. The plates 
were then stored at 4 °C. 
For the analysis of enterococci, 1mL, 2.5ml_, and 25 ml_ volumes of each 
water sample were filtered using a 47 mm diameter 0.45 pore size micrometer 
nitrocellulose filter. The filter was then placed onto an mE agar plate which was 
incubated upside down at 41 °C for 48 hours (USEPA, 2002). After incubation, 
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the filter was transferred right side up onto an EIA agar plate and incubated at 41 
°C for approximately 20 additional minutes. After the additional incubation, the 
number of colonies exhibiting dark halos as precipitates within the agar were 
recorded as presumptive enterococci colonies (USEPA, 2002). 
Biochemical Tests for E coli 
Presumptive colonies originating from fecal samples were confirmed as E. 
coli. Urease negative colonies on mTEC media are not always E. coli. 
Therefore, a more extensive series of tests help to ensure that only E. coli 
isolates are used for ribotyping (Carson et al., 2001; Jones, 2008a). Presumptive 
isolates of E. coli were tested for utilization of citrate to test the ability of the 
organism to use citrate as the sole carbon source which appears as a negative 
reaction with E. coli, oxidase to test the ability to produce the enzyme 
cytochrome oxidase which appears as a negative reaction with E. coli, urea to 
test the ability to produce urease which appears as a negative reaction with 
E. coli, and tryptone to test the ability to produce tryptophanase, and thus indole, 
which appears as a positive reaction with E. coli. Isolates giving the appropriate 
reactions in these tests along with EC/MUG media used to test the production of 
gas and the enzyme glucuronidase that hydrolyses MUG compound to yield a 
product detectable under UV light, were considered to be E. coli strains and as 
candidates for ribotyping (USEPA, 2000). 
Quality assurance/quality control (QA/QC) measures were used at the 
bacterial analysis and biochemical test stage of the project. In lieu of water 
samples from the study, deionized water was run through the same filtration and 
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analysis process. In addition, uninoculated (blank) media as well as positive and 
negative controls of E. coli (ATCC# 51739J and Enterococcus faecalis were 
incubated under the same conditions as samples. 
Data Analysis of Water Quality 
The measurements for environmental parameters as well as bacterial 
concentrations were graphically plotted according to sampling site for each 
sampling event date. This allowed for spatial trends to be observed. The 
geometric means of enterococci and E. coli over the sampling period were 
plotted, allowing for temporal trends to be observed. Log-transformed bacterial 
concentrations versus the environmental parameter measurements were 
analyzed using linear regression analysis and analysis of variance (ANOVA) to 
provide insight on the relatedness and significance of bacterial concentrations 
and environmental parameters at Crommet Creek. The concentrations of E. coli 
and enterococci were log transformed and subject to linear regression and 
ANOVA to provide insight into the relatedness of concentrations of these two 
indicator bacteria. 
Ribotyping E. coli Isolates from Water Samples 
Processing Isolates for Ribotypinq 
Confirmed E.coli isolates were re-streaked to TSA, incubated at 35 °C, 
and processed for ribotyping after 16-18 hours of growth. Sterile centrifuge tubes 
were filled with 200 uL buffer solution each and E. coli cultures were added to the 
centrifuge tubes by using the end of a round 2mm pick to touch the culture and 
transfer it into the tube. The tube was vortexed and 30 uL from each centrifuge 
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tube was transferred into each respective position into an eight well sample 
carrier specific to the Riboprinter©. Lysing reagents were then added to each 
isolate well in the sample carrier to prepare the cells for DNA cleavage via 
restriction enzyme. The Riboprinter© was then loaded following set protocols by 
the manufacturer and JEL (Qualicon, 1999; Jones and Bryant, 2004). 
Ribotyping Procedure 
A RiboPrinter© (Qualicon Inc., A DuPont Subsidiary, Wilmington, DE, 
USA) was used to process E. coli cultures for DNA banding pattern, or 
ribopattern determinations. After preparation of the samples, the automated 
process involves lysing cells and cutting the released DNA into fragments via the 
restriction enzyme EcoR1. These fragments were separated by size through gel 
electrophoresis and then transferred to a nylon membrane, where they were 
hybridized with a DNA probe and mixed with a chemiluminescent agent. The 
DNA probe targets 5S, 16S and 23S ribosomal RNA genes. A wash step then 
removes all unbound DNA probe so that bound DNA probe on the targeted gene 
fragments is visible. The chemiluminescent agent emits light from the targeted 
genes that is captured by a digitizing CCD camera. From this raw image, the 
system obtains densiometric data that are analyzed for densiometric peaks which 
are considered to be DNA bands. The densiometric data are then converted and 
shown as DNA banding patterns on the Riboprinter© computer screen. The DNA 
banding patterns allow information from various E. coli strains to be compared. 
Each isolate pattern was compared to others in the RiboPrinter© database for 
identification of source. A quality control E. coli strain termed "QC 101" (ATCC# 
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51739) was run to assure proper function and to determine machine variability 
with time and with each analysis. RiboPrinter© maintenance was performed as 
defined by the manufacturer (Qualicon, 1999) 
The banding images of the fingerprinted bacteria were viewed on the 
RiboPrinter© computer screen using the Microbial Characterization System by 
Qualicon. Isolates with greater than eighty percent similarity to E. coli, based on 
comparison to patterns in the manufacturer's microbial database (consisting of 
6448 pattern entries for a wide range of bacterial species) were included for 
analysis. The isolate banding patterns were then transferred to a dedicated 
computer for analysis using GelComparll (Applied Maths) analytical software 
(Applied Maths, 2000). The patterns were analyzed using Dice's coefficient 
(Dice, 1945) to determine similarity coefficients between patterns for water and 
database isolates, as well as the unweighted pair group method by arithmetic 
averaging (UPGMA) to perform cluster analysis. The band position tolerance 
was set to 1.0 percent and the optimization was set to 1.5 percent which allows 
banding patterns for samples to be compared by differentiating between bands 
for the degree of accuracy desired and to compensate for potential misalignment 
of bands due to technical problems. Position tolerance refers to the shift of 
bands, specifically the maximum shift in percentage of the pattern length 
between any two bands that is allowed in order to consider the two bands as 
matching. The optimization refers to the shift in band position that is allowed 
between any two banding patterns. 
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Construction of a Spatially and Temporally Synoptic 
Local Source Species Database 
Experimental Approach 
A geographically and temporally synoptic source species database (for the 
study period) was constructed throughout the project's sampling period and 
termed the Crommet Creek Source Species Database (CCSSD). Fecal samples 
collected at the study area were identified and processed (Casarez et al., 2007; 
Jones, 2008a). Isolates of E. co//from fecal samples were subject to biochemical 
tests to confirm identification. E. coli isolates from fecal samples were ribotyped 
to construct a source species database specific to the Crommet Creek watershed 
study area. 
Sampling and Identification of Fecal Samples 
Feces samples from source animals in the study area were collected at 
Crommet Creek during the sampling events by surveying the sampling area for 
fecal matter present near the surface waters. A physical description of the fecal 
matter, location, and condition was recorded in the field. This aided in building a 
ribotyping database for source species specifically at Crommet Creek. The 
samples were kept on ice until processed. Upon return to the laboratory, the 
samples were kept at 4 °C. Visual scat/fecal identifications were performed by 
photographing scat samples positioned near a ruler for size measurement. The 
photographs and a document detailing the location at which each scat sample 
was collected were then sent to Andy Chapman of the Clean Lakes Program in 
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the NHDES Watershed Management Bureau for review and confirmation of the 
species of origin. 
Feces Sample Processing for E. coli Isolation 
In order to isolate bacteria from the fecal samples, the samples must first 
be homogenized. For each sample, a 20mm tube containing 9mL Bacto Peptone 
Water (BPW) was placed in a beaker and weighed. Approximately 1g (wet 
weight) of homogenized fecal sample was added into this first tube, mixed by 
vortexing and 1ml_ of the mixture was transferred into a second BPW tube. This 
process was repeated through 9 tubes, using a clean pipette tip with each 
transfer. 
The highest decimal dilution (9th tube) homogenized fecal sample was 
filtered through a 47mm diameter 0.45 urn effective pore size micrometer 
nitrocellulose filter. The filter was then placed onto an mTEC agar plate. Then, 
tubes 8 through 3 (reverse order) were filtered in the same manner (tubes 1 and 
2 typically contained high turbidity that inhibits filtration) and E. coli were 
isolated, biochemically confirmed, and processed for ribotyping as previously 
described. 
Ribotyping and Database Construction 
For the construction of the CCSSD, ten to twenty E coli isolates were 
ribotyped per fecal sample. Isolate ribopattems that were different from one 
another but originated from a single fecal sample were termed "unique profiles" 
and were included into the CCSSD for identification of unknown E. coli water 
isolates. Cluster analysis was performed to identify unique and clonal patterns. 
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Unique patterns along with one representative from each clonal pattern were 
included for analysis. This process excluded multiple copies of the same 
ribopattern for use in the identification of unknown E. co//water isolates. 
Pollution Source Identification for E. coli Isolates from Water Samples 
Using Three Pertinent Databases 
Experimental Approach 
Besides using the CCSSD for the identification of the E. coli isolates from 
water samples, the location of the study area suggested that two other relevant 
databases could be used for analysis in addition to the CCSSD. The Great Bay 
Source Species Database (GBSSD) was used for analysis of water sample 
ribopatterns because even though the geographic range of the GBSSD is greater 
than the CCSSD, it is still small enough that conceivably any species 
characterized in the area could influence Crommet Creek (Table 2). The 
geographic range of the GBSSD covers the watershed surrounding the major 
rivers that feed into Great Bay and the Great Bay water body itself. The temporal 
range of the GBSSD is 2000-2006. Isolates were further analyzed using the 
geographically and temporally broader Regional Source Species Database 
(RSSD) and represents all E. coli isolates from known sources and species 
accumulated by Dr. Jones' ribotyping laboratory. The geographic range of the 
RSSD covers coastal Maine, inland and coastal New Hampshire, and coastal 
Massachusetts. The temporal range of the RSSD is 2000-2007. 
The process of successional ribotyping analysis for the unknown E. coli 
water isolates allowed for the analysis of isolates using geographically relevant 
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yet increasingly broad source species databases. The accuracy of analysis 
using geographically varied databases with respect to the size and locality of the 
study area was examined. The trade-off between giving up geographic and 
temporal relevance for a better match (the broader GBSSD and RSSD) versus 
accepting a relatively accurate match that is geographically and temporally 
synoptic (the local CCSSD) was also examined. A range of similarity thresholds 
were taken into account in combination with the analysis of the databases to 
better understand the effects of these variables (Table 3) on what is defined as 
source species identification results and to optimize the MST process. 
The isolates were biochemically confirmed as E. coli and each unknown 
water isolate was analyzed individually to identify its ribopattem. The isolate 
banding patterns were then compared to the database of sources species 
ribopatterns and the closest similarity to known species was determined using 
Dice's coefficient (Dice, 1945). The relationship of the isolate in accordance to 
its closest match as well as others in the database was displayed using a 
UPGMA dendogram. The isolate banding patterns were then compared to the 
sources species database to identify the most similar source species. If the 
calculated similarity coefficient was equal to or greater than the chosen similarity 
threshold value then the identification was considered successful. 
Data Analysis 
All water isolate analysis results from the three pertinent databases were 
examined in accordance to the pre-chosen similarity thresholds of 88.5%, 90%, 
and 100% similarity (Figure 4). The three different similarity thresholds were 
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used to understand the effects of each on source species identification results. 
The three similarity thresholds used in conjunction with analysis using three 
pertinent source species databases yielded nine sets of results. Each result was 
used to understand the effects of varying similarity thresholds for source species 
identification. The decision of which similarity threshold to use is a function of 
many factors (Table 3). The first consideration however, especially with 
ribotyping, is the inter-gel variability using Dice's coincidence index to analyze 
positive control E. coli patterns (Dice, 1945). Other factors to consider include 
the confidence level required from the resulting data, number of source species 
identification results needed, and specificity of needed results. 
The similarity threshold of 88.5% was chosen to analyze the effect of a 
less stringent similarity threshold than traditionally used in MST studies. The 
number was not wholly arbitrary- the similarity threshold is calculated by the 
number of matching bands between two patterns divided by the average number 
of bands between the two patterns. A common result in previous ribotyping 
studies conducted using other databases such as the GBSSD and RSSD was an 
eight band pattern matching up with a ten band pattern with two bands out of 
place. Eight bands matching up divided by nine- which is the average number of 
bands between the two bands- results as 88.9% similarity, thus 88.5% as the 
similarity threshold. The similarity threshold represents the probable outcome, a 
two band difference between patterns, of a genetic difference between two 
isolates. It also accepts the probability that the two isolates differing from a 
single mutation are similar enough to be considered as originating from the same 
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source. The 88.5% threshold may result in lower confidence of data, producing 
more source species identification results as well as more mixed matches. 
When control strains of E. coli were run for the ribotyping study, the 
observed inter-gel variability guided the decision for 90% to be used as a 
similarity threshold. This translates to less than completely accurate 
identifications but gives moderate stringency to gain useful information regarding 
source species. The 90% threshold balances the confidence level of data, 
number of source species identification results, and specificity of results. 
Field and Samadpour (2007) state that the most accurate way to identify 
source species is by using the 100% similarity threshold. This threshold is useful 
if very high confidence of data and specificity is required. This threshold may 
produce the least amount of source species identifications as well as mixed 
matches due to its stringency. Ideally, this similarity threshold would be used for 
the most accurate results. However, due to time and budget constraints most 
projects do not have or require such specific results. In addition, E. coli strains 
from the same source may differ by a single mutation in genetic code and still be 
considered similar enough for pollution source identification, and thus justify 
using a threshold less than 100% similarity. The general aim of MST tends to be 
to identify the most likely sources of fecal pollution through the most source 
species identification results and specificity possible given the project's 
limitations. 
The data were expressed according to actual source/species and source 
typed category identified as determined by the fecal sample identification. Some 
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of the sources were not species i.e. wastewater, sewage, and landfill trash. For 
isolates that matched (i.e. had the same calculated similarity coefficient) to more 
than one source species, the source type category that the identification fell 
under was recorded and the match was termed "mixed". Isolates that matched 
with similarities that fell below the similarity thresholds in the databases were 
considered "unidentified". 
The identified source species were categorized to address mixed matches 
as well as provide a breakdown of sources species at a generalized category 
level. The categories were determined according to the type of source species. 
Specifically, the categories of wild animal, wild bird, livestock (including chicken), 
domestic animal (pets), mixed non-human, and human were used. The data 
were also expressed according to actual species identified as determined by the 
fecal sample identification. The relative abundance of source species were 
presented as the percentage of isolates for each species/source and in each 
category for the different similarity thresholds that were used. 
Optimized Approach for Pollution Source Identification 
Experimental Approach 
Taking many factors into account such as spatial and temporal specificity, 
number of source identifications, and required confidence level of results, an 
optimized approach for pollution source identification was established. The 
approach relied on the data gathered from the analysis of E. coli isolates from 
water samples analyzed using three pertinent databases at three similarity 
thresholds- thus resulting in nine sets of source species identification results. 
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The data were analyzed to understand and observe which approach improved 
the rate of source species identifications with an acceptable degree of accuracy. 
Data Analysis 
The nine sets of source species identification results were compared to 
better understand the effects of varying similarity thresholds and analysis using 
differing databases to provide a framework to see what combination of these 
factors provided the most accurate information on the sources of bacterial 
pollution in the study area. The combination of studying geographically varied 
databases along with the effect of using varied similarity thresholds allowed for 
determining the best overall approach for source species identification and the 
optimization of the MST process. 
The E. coli isolates from water samples were then reanalyzed to 
determine source species identification results using the newly established 
optimized approach to pollution source identification which maximizes the 
number of identified E. coli isolates of unknown sources. 
Spatial and Temporal Trends for the Identified Source Species 
Experimental Approach 
Following the analysis to determine the best overall approach for 
identifying source species for the water isolates, the dynamics of identified fecal 
pollution sources in Crommet Creek were also investigated to answer questions 
regarding which source species are most significant over time and space. The 
data allowed us to provide insight on questions regarding fecal pollution 
dynamics and allowed for a detailed picture of the trends and significance of 
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source species related to fecal contamination in the water system. This process 
highlighted sources of significant fecal pollution events by identifying the source 
species in conjunction with the E. coli concentration in the water samples. This 
information can serve to provide a more thorough and detailed description of the 
state of the Crommet Creek water system. 
Data Analysis 
The source species identifications using the optimized approach were 
compared to E. coli strength/concentration data, sample site locations, and 
sample dates to determine trends. The source species identification of each 
unknown water isolate was expressed in conjunction with the site and date from 
which it was isolated. This information was compared to E. coli concentrations to 
relate strength of pollution. Source species identified at the mouth of Crommet 
Creek in addition to sites upstream on sampling events were also highlighted to 
understand which sources may be having the greatest effect on fecal pollution 




Water Quality Conditions and Distributions of Fecal Indicator Bacteria 
Environmental Parameters, Hydroqraphic, and Meteorological 
Characteristics 
Environmental parameters measured during the sampling period exhibited 
a wide range of readings with the exception of pH (Figure 5, Appendix A). 
Temperature ranged from 1.3 to 20.9 °C with the coldest reading on 12/5/06 at 
site 4 and the warmest on 9/20/06 at site S. Dissolved oxygen ranged from 0.7 
to 11.6 mg/L with the lowest reading on 8/28/06 at site 6 and the highest on 
11/7/06 at sites S and 6D. Dissolved oxygen was generally higher in cooler 
temperatures. Salinity ranged from 0 to 25.8 ppt with the lowest readings 
routinely at upstream sites and the highest at the mouth of the creek at site 1. 
The pH remained relatively consistent throughout the sampling period and 
ranged from 6.22 to 7.71 and sites of higher salinity generally showed a higher 
pH. The spatial trends for dissolved oxygen and salinity were the most variable 
environmental parameters across sites during each sampling event (Figure 5). 
Precipitation can affect runoff of contamination into surface waters and the 
receiving water salinity. Precipitation during the sampling period was intermittent 
(Figure 6, Table 4). The greatest 48 h rainfall amount of 0.70 inches occurred 
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prior to the 9/5/06 sampling event. The amount of rainfall that fell during the 
sampling period did not appear to have a noticeable effect on salinity. All 
sampling events occurred at low tide with the exception of 9/5/06 which occurred 
at mid-tide and focused on the tidally independent sites in an upstream 
secondary tributary of the Crommet Creek water system termed the Site 6 
Tributary. 
Tidal amplitude and height could also potentially affect contamination of 
Crommet Creek from sources in close proximity to the shoreline. Low tide heights 
(Table 5) during the sampling events ranged from -0.52 to 1.12 feet. Low tides 
were lowest on 9/11/06 and 10/2/06. The tidal amplitude during the sampling 
period ranged from 5.39 to 9.47 feet with the least on 8/30/06 and the greatest on 
12/5/06. There were no obvious direct effects of tide on bacterial concentrations. 
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Figure 5: Crommet Creek Environmental Parameters at each Sampling Event 
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Figure 6: Precipitation in Durham, NH in Inches (in) During Sampling Period 
Table 4: Precipitation in Durham, NH in Inches (in) at the Time of the 






























, 0.3 «•" 
48 Hr Total 















































































Spatial and Temporal Distribution of Fecal Indicator Bacteria 
Concentrations 
The fecal coliform and E. coli concentrations at Crommet Creek followed a 
similar range of geometric means across the sampling period at all sites, ranging 
from a low of 19 and 17 CFU/100ml_, respectively to a high of 763 and 735 
CFU/100ml_, respectively (Table 6A). The lowest daily geometric mean for both 
fecal conforms and E. coli at all sites was on 12/5/06 and the highest on 9/20/06. 
The average E. coli to fecal coliform ratio for the geometric mean across all of the 
sampling dates at all sites was 0.91 (Table 6A). The enterococci concentration 
geometric means across the sampling period at all sites ranged from 87 to 1513 
CFU/100ml_ with the lowest reading on 11/7/06 and the highest on 9/20/06 
(Table 6A). 
Concentrations of E. coli (at a sampling site) were generally higher during 
the warmer sampling days, including 8/28, 9/5, 9/11, 9/20, 10/2/06, and 10/23/06 
(Table 6A). Concentrations of E. coli were generally lower during colder sampling 
events on 11/7, 11/20, and 12/5/06, though concentrations on 8/30 were also 
relatively low. Concentrations of enterococci were highest on sample dates 
where water temperatures were greater than a mean of 9 °C, including 8/28, 
8/30, 9/5, 9/11, 9/20, 10/2/06 and 10/23/06 (Table 6A). Thus, concentrations for 
both indicators were sharply lower once water temperatures dropped below 9 °C. 
The spatial distribution of E. coli showed that concentrations were highest 
at either site 6 or site 6D for 5 of the 10 sampling events (Figure 9). For the 
remaining sampling events, E. coli concentrations were highest for a given 
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sample date twice at site 9 and on single dates for site S, 1, and 4. The spatial 
distribution of enterococci showed that concentrations were highest upstream at 
sites 6, 6D, and 9, and lowest at downstream sites 1, S, and 4 (Figure 10). The 
greatest difference in FIB across all dates was at site 9, which had the greatest 
difference between geometric mean enterococci and E. coli concentrations 
(Table 6B). 
Five sampling events were in conjunction with significant rainfall (>0.40 
inches) in 48 hours. The highest FIB (E. coli and entercocci) concentrations 
were observed on 9/20/06 after 0.57 inches of rainfall (Figure 8) followed by 
10/23/06 with the second highest enterococci concentrations following 0.46 
inches of rainfall. On 8/28/06, elevated geometric means of FIB (Table 6A) were 
observed after 0.53 inches of rainfall (Table 4, Figure 6). On 9/5/06 and 10/2/06 
following 0.70 inches and 0.44 inches of rainfall respectively, observed FIB levels 
were not as elevated as compared to the other events in conjunction with 
significant rainfall. The 8/28, 9/20, and 10/23/06 sampling events had the highest 
overall enterococci concentrations (Table 6A, Figure 7), all following over 0.46 
inches of 48-hour total precipitation preceding the sampling event (Table 4, 
Figure 6). 
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Table 6: Geometric Means of Fecal Conforms (FC), E. coli, and Enterococci 
Concentrations in Colony Forming Units per 100 Milliliters (CFU/100ml_) 






































































































Figure 7: Geometric Mean of Enterococci over the Sampling Period. 
Starred points are sampling events following over 0.40 inches of 48-hour total 
precipitation preceding the sampling event. 
Figure 8: Geometric Mean of E. co//over the Sampling Period. 
Starred points are sampling events following over 0.40 inches of 48-hour total 




Figure 9: Spatial Distribution and Geometric Mean of E. coli at each Sampling 
Event in Colony Forming Units per 100 Milliliters (CFU/100mL) 
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Figure 10: Spatial Distribution and Geometric Mean of Enterococci at Sampling 
Events of Interest in Colony Forming Units per 100 Milliliters (CFU/100mL) 
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Relationship of Environmental Parameters and Fecal Indicator Bacteria 
Variables 
The relationships between environmental parameters and fecal indicator 
bacteria (FIB) were studied via linear regression and ANOVA, bacterial data were 
log-transformed and the results were plotted on a log scale (Table 7, Figure 11-
13). Single factor ANOVA established that both E. coli and enterococci 
concentrations have a statistically significant positive relation to water 
temperature, with p-values at 0.0006 and 0.0012 respectively (Table 7, Figures 
11 & 12). E. coli concentrations had a statistically significant negative 
relationship with dissolved oxygen, with a p-value of 0.0003 (Table 7, Figure 13). 
Enterococci concentrations did not show this relationship with a p-value of 
0.4177 (Table 7). Neither E. coli nor enterococci concentrations had statistically 
significant relationships with salinity or pH (Table 7). 
Data analysis using single factor ANOVA and the entire fecal indicator 
bacteria concentration data set showed that enterococci and E. coli had a 
statistically significant positive relationship with a p-value of less than 0.001 
(Table 7, Figure 14). 
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Table 7: Statistical Analysis of Variables Summary Table of Environmental 









































Figure 11: Linear Regression and ANOVA Comparing E. coli Concentrations to 
Water Temperature in °C 
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Figure 12: Linear Regression and 
Concentrations to Water Temperature in °C 
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Ribotyping of E. coli Isolates from Water Samples 
Samples were prioritized in a manner to allow the focus of more detailed 
ribotyping analysis to be on high FIB concentrations at problematic sites that may 
pose a threat of pollution for the shellfish bed. The samples were prioritized using 
concentration limit criteria based on the State of New Hampshire water quality 
standards (NHDES, 2006). The limits are 406 CFU/100ml_ for E. coli at 
freshwater recreational beaches, 104 CFU/mL for enterococci at marine 
recreational beaches, and the shellfishing standard is 14 fecal coliforms/100ml_. 
Enterococci showed concentrations above limits even in colder months when 
E coli concentrations had fallen below the limit. Samples collected on dates that 
exceeded the E. coli concentration limit were selected for ribotyping. Samples on 
the selected dates that did not exceed the E. coli concentration limit were also 
included to allow for the full spatial analysis of source species. Samples were 
above the 14 fecal coliforms/100ml_ shellfishing standard at site 1 for most of the 
sampling period (7 out of the 10 sampling events). 
The geometric means of tested fecal indicator bacteria for all sites across 
all dates where samples were ribotyped were higher than for sampling sites and 
dates not ribotyped (Table 8), a reflection of the selection of samples for 
ribotyping that contained elevated E. coli concentrations. When both the 
ribotyped dataset and non-ribotyped dataset were analyzed further using linear 
regression and ANOVA, the results showed that even when divided up into two 
datasets- the bacterial concentrations still exhibit statistical significance and a 
positive relationship. The ribotyped dates showed a p-value of 0.0016 and the 
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non-ribotyped dates showed a p-value of less than 0.001 (Table 9, Figures 15 & 
16). In addition, E. coli and enterococci concentrations on dates not ribotyped 
showed a relatively strong positive linear relationship with an R- squared value of 
0.693 (Table 9, Figure 16). 
A total of 30 samples were chosen for ribotyping analysis (Table 10). 
These samples included sample CC4 on 8/28/06 where E. coli isolates passed 
biochemical tests and were ribotyped, yet ribotyping analysis suggested that the 
isolates were not actually E. coli. This may or may not be true, because the 
RiboPrinter© analysis system is based on the isolates of many species that are 
contained in their database, and environmental strains tend to be different from 
lab and clinical strains. Nonetheless, these isolates were not used for identifying 
source species. Four E. coli isolates were identified by the RiboPrinter© analysis 
system as E. coli 0157:H7 isolates, a pathogenic strain of serious public health 
concern. These isolates were all from the Site 6 tributary, and their sources were 
identified as buffalo, fox, and 2 of unknown wildlife. Further analysis by 
serotyping of other E. coli isolates in Dr. Jones' lab identified as 0157:H7 strains 
by the RiboPrinter© were negative. 
Samples from site CCS were not ribotyped because the E. coli 
concentrations did not remain elevated at this site though the sampling period so 
it was not considered a key site and thus not included in the ribotyping analysis. 
Another exception is the sample from CC9 on 9/11/06. Isolates from the sample 
were not amendable to ribotyping analysis due to the fact that the 8 suspected E. 
coli isolates did not pass biochemical tests. The final result of sample 
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prioritization for ribotyping was a total of 230 E. coli isolates from water samples 
that were subject to ribotyping analysis. 
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Table 8: Geometric Means of E. coli and Enterococci Concentrations in Colony Forming 






































Table 9: Statistical Analysis of Variables Summary Table Comparing E. coli and 
Enterococci Concentrations of Ribotyped as well as Non-Ribotyped Datasets 
Variable X Variable Y R-Squared P-value 
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Figure 15: Linear Regression and ANOVA of Enterococci Concentrations on Ribotyped 
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Figure 16: Linear Regression and ANOVA of Enterococci Concentrations on 
^Jon-Ribotyped Dates to E. coli Concentrations on Non-Ribotyped Dates 
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Table 10: Ribotyped and Non-Ribotyped Samples with Respect to Bacterial 
Concentration Limits 
Samples Ribotyped 
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Local Source Species Database Construction 
Thirteen fecal samples were collected and identified over the course of the 
sampling period (Table 11). Ten of the fecal samples were identified as wild 
animals, specifically deer, fox, fox and/or coyote, and unknown wildlife. Two of 
the samples were from dogs. One fecal sample was from wild birds, identified as 
goose and/or duck. A total of 102 isolates were ribotyped from the 13 fecal 
samples (Table 12) and these included 43 unique ribopattems. Fecal samples 
from source species can exhibit many differences regarding clonal and unique 
patterns. For instance, deer was shown to have many clonal patterns whereas 
fox and goose appear to have more unique patterns (Table 12). This is an 
important factor to consider to allow for a diverse database of unique patterns. 
Isolates representing the 43 unique ribopattems were added to the accumulated 
Regional source species database at the University of New Hampshire's Jackson 
Estuarine Laboratory (JEL). 
The location of the study area suggested that the relevant databases to 
use for identifying source species should include a Great Bay Source Species 
Database (GBSSD), a Regional Source Species Database (RSSD), and the local 
Crommet Creek Source Species Database (CCSSD), the latter constructed as 
part of this study. The databases include six source species categories, 
including wild bird with up to 10 sources, wild animal with up to 12 sources, 
livestock (including chickens) with up to 9 sources, domestic animal (pets) with 
up to 2 sources, human with up to 3 sources, and miscellaneous with 1 source 
(Figure 17), providing a total of 37 potential source species or sources. 
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Pollution Source Identification Using Three Databases 
Pollution sources were identified using three pertinent databases 
(CCSSD, GBSSD, and RSSD) to examine how the source species identification 
results are affected by the spatial and temporal range of the database in use. 
Each database consisted of varying numbers and types of source species (Table 
13) so this concept was examined though the comparison of the relative 
abundance results of all three databases. A range (88.5%, 90%, and 100%) of 
similarity thresholds was taken into account to better understand threshold 
effects on the profile or relative abundance of identified source species for all 
samples analyzed. 
Isolate Analysis in the Crommet Creek Source Species Database (CSSD) 
Using the CCSSD (Figure 18, Figure 21, Table 14) and an 88.5% 
similarity threshold, the identified sources for the 230 unknown water isolates 
included- 66 of wild animal origin, 31 as being from wild bird, and 17 as domestic 
animal sources, for a total of 114 isolates from identified sources; these were the 
only three source types included in the database. The remaining isolates could 
not be identified to a specific source due to mixed results as well as isolates 
falling below the similarity threshold. Using a 90% similarity threshold yielded 
fewer isolates matched to sources however the relative abundance amongst the 
different sources was similar to the 88.5% threshold (Figure 18). Applying a 
100% similarity threshold showed slightly differing relative abundance of source 
species from the 88.5% and 90% similarity threshold analyses (Figure 18, Table 
14). 
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Table 13: Source Species Isolates in Three Pertinent Databases 
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Table 14: CCSSD: Total Number of Isolates Identified in Each Category 
According to Similarity Threshold 
A) Total number of isolates in each category with similarity greater than or equal to 88.5% and 
total isolates ribotyped 


























































B) Total number of isolates in each category with similarity greater than or equal to 90% and total 
isolates ribotyped 


























































C) Total number of isolates in each category with similarity equal to 100% and total isolates 
ribotyped 



























































Figure 18: CCSSD: Relative Abundance of Isolates in Each Category According 
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Isolate Analysis in the Great Bay Source Species Database (GBSSD) 
Using the GBSSD (Figure 19, Figure 21, Table 15) and an 88.5% 
similarity threshold, the identified sources for the 230 unknown water isolates 
included more (129) identified isolates with a different relative abundance 
amongst source types- 33 of wild animal origin, 27 as mixed non-human, 19 each 
as wild bird, domestic animal, & livestock, and 12 as human. This database 
includes five of the source types. 
Eighty isolates were of mixed source origin and 21 were unidentified 
(Table 15). Mixed matches are isolates that match to more than one source and 
thus they are considered unidentifiable. Due to the nature of the CCSSD with its 
limited array of source species types and no human sources, the mixed matches 
that resulted from use of that database, for further purposes of comparison, were 
termed mixed non-human. The GBSSD and RSSD have human sources; 
therefore mixed non-human remained a reportable category and even more 
relevant category, as it differentiates the identification of isolates from the useless 
'mixed' category where no specific or general type of source could be identified 
(Figure 22, Figure 23). 
Using a 90% similarity threshold yielded fewer isolates matched to 
sources as compared to using the 88.5% threshold however, the relative 
abundance amongst the different sources was similar to the 88.5% threshold 
(Figure 19). Analysis using a 100% similarity threshold gave a different profile of 
identified source species where the most common identified source was wild 
birds instead of wild animals-15 of the isolates were identified as wild bird, 11 as 
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wild animal, 10 as domestic animal, 7 as mixed non-human, 5 as livestock, 2 as 
human, and fifty-five isolates were of mixed origin (Table 15). Excluding mixed 
matches, of the total 230 isolates analyzed using the GBSSD at an 88.5% 
similarity threshold, 31 isolates from the CCSSD showed as the best match for 
source identification and 98 to new GBSSD source species patterns. At a 90% 
and 100% similarity threshold 30 and 17 isolates, respectively, showed CCSSD 
isolates as a best match for source identification with 92 and 33 to new GBSSD 
source species patterns, respectively. 
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Table 15: GBSSD: Total Number of Isolates Identified in Each Category 
According to Similarity Threshold 
A) Total number of isolates in each category with similarity greater than or equal to 88.5% and 
total isolates ribotyped 
























































































B) Total number of isolates in each category with similarity greater than or equal to 90% and 
total isolates ribotyped 
























































































C) Total number of isolates in each category with similarity equal to 100% and total isolates 
ribotyped 



















































































Figure 19: GBSSD: Relative Abundance of Isolates Identified in Each Category 
According to Similarity Threshold Excluding Mixed Matches 
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Isolate Analysis in the Regional Source Species Database (RSSD) 
Using the RSSD (Figure 20, Figure 21, Table 16) and an 88.5% similarity 
threshold, the sources of the 230 unknown water isolates were identified- 46 as 
mixed-non-human, 28 as wild animal, 27 as wild bird, 11 as livestock, 7 as 
human, and 3 as domestic animal. One hundred isolates were of mixed origin, 
so no specific or general type of source could be attributed to those isolates. The 
90% similarity threshold yielded fewer isolates matched to sources however the 
relative abundance amongst the different sources was similar to the 88.5% 
threshold (Figure 20). At a 100% similarity threshold the relative abundance of 
the identified sources was again similar, with 20 of the isolates identified as 
mixed non-human, 15 identified as wild animal, 14 as wild bird, livestock and 
human as 6 each, and 2 as domestic animal. Sixty-five isolates were of mixed 
origin (Table 16). 
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Table 16: RSSD: Total Number of Isolates Identified in Each Category 
According to Similarity Threshold 
A) Total number of isolates in each category with similarity greater than or equal to 88.5% and 
total isolates ribotyped 




















































































B) Total number of isolates in each category with similarity greater than or equal to 90% and total 
isolates ribotyped 


















































































































































































Figure 20: RSSD: Relative Abundance of Isolates Identified in Each Category 
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Figure 22: E. coli Water Isolate (CC1 Crommet Creek 9/11/06 O) Being 
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Figure 23: E. co//' Water Isolate (CC4 Crommet Creek 9/11/06 E) 
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The Value of Building a Local Source Species Database 
The initial analysis for source species identification used 3 separate 
databases at 3 similarity thresholds. This included a local source species 
database (CCSSD), a general area source species database (GBSSD), and a 
general region source species database (RSSD) (Table 2). The CCSSD was 
included in the GBSSD to help anchor it spatially and temporally to the specific 
study site. The RSSD included the GBSSD as well as the CCSSD in addition to 
samples from the general region. 
In order to understand the value of building a local source species 
database, the GBSSD was used for the identification of E. coli water isolates 
from the specific study site but without the inclusion of isolates from the CCSSD 
(GBSSD-CCSSD). The GBSSD-CCSSD showed livestock, human, wild animal, 
and wild bird as the most abundant source species identified (Table 17). These 
results (Figure 24) do not seem to represent what was physically seen during 
sampling around Crommet Creek. The specific study site did not seem to be an 
area with livestock and human influence but instead a natural area under the 
influence of many types of wildlife. The source species identification analysis 
yielded 130, 118, and 42 non-mixed matches at similarity thresholds of 88.5%, 
90%, and 100%, respectively. 
When the GBSSD was used for the identification of £. coli water isolates 
from the specific study site and included source species isolates from the 
CCSSD, the results showed wild animal, wild bird, mixed non-human, domestic 
animal, and livestock as the most abundant source species identified. These 
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results are more in line with the natural setting of Crommet Creek. In addition, 
the source species identification analysis yielded 129, 122, and 50 non-mixed 
matches at similarity thresholds of 88.5%, 90%, and 100% respectively (Table 
15). This showed relatively equal source species identifications at 88.5% and 
increased identifications at 90% and 100% similarity thresholds compared to the 
analysis using GBSSD-CCSSD. 
Analysis using the GBSSD-CCSSD shows livestock, human, wild animal, 
and wild bird as the most abundant source species identified which shows that 
the source species identification results get skewed towards less natural and 
more human-influenced areas around Great Bay. Analysis using the CCSSD 
alone says wild animal, wild bird, and domestic animal were the most abundant 
source species identified which shows that the source species identification 
results get skewed towards wildlife around the study site without taking into 
consideration the possibility of human-influenced sources such as livestock, 
human, etc. 
The GBSSD has more source species but the CCSSD is spatially and 
temporally synoptic to the specific study site. By integrating a local source 
species database into a larger database from the general area, one can get a 
picture that reflects both the source species that were physically seen during the 
sampling period locally as well as other potential source species in the general 
area. In this study, this integration also yielded more source species 
identifications at higher similarity thresholds while decreasing skewed source 
species identification towards less representative areas of Crommet Creek. 
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Table 17: GBSSD Re-designation without CCSSD Integration: Total Number of 
Isolates in Each Category According to Similarity Threshold 
A) Total number of isolates in each category with similarity greater than or equal to 88.5% and 
total isolates ribotyped 




















































































B) Total number of isolates in each category with similarity greater than or equal to 90% and 
total isolates ribotyped 


















































































































































































Figure 24: GBSSD Re-designation without CCSSD Integration: Relative 
Abundance of Isolates Identified in Each Category According to Similarity 
Threshold Excluding Mixed Matches 
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This analysis was conducted to understand the value of a local source species 
database. Having established its value- further mention of the GBSSD refers to 
a database inclusive of the CCSSD. 
The Effects of Varying Source Species Databases and Similarity 
Thresholds on Source Species Identification 
Using less stringent similarity thresholds yielded more source species 
matches as well as more mixed matches. Using larger databases also resulted 
in an increase in mixed matches. Analysis using 88.5% as a similarity threshold 
showed a general understanding of potential pollution sources. One must also 
take into consideration that this results in less accurate results and therefore may 
not be appropriate to answer specific questions regarding pollution sources. A 
relatively low threshold could, however, be used to rule out human vs. non-
human influenced fecal pollution or other simple distinctions. 
Analysis using 90% as a similarity threshold reduces the number of mixed 
matches as compared to lower similarity thresholds but still yields a reasonable 
amount of overall matches. It also offers more accurate results that can be used 
to answer more specific questions such as identifying the most abundant source 
species category of fecal pollution and, with enough data; it can also help answer 
questions about the most abundant source species of fecal pollution. 
Analysis using 100% as a similarity threshold further reduces the amount 
of mixed matches as compared to lower similarity thresholds and also greatly 
reduces the amount of overall matches. It offers very specific data that can be 
used to answer very specific questions such as confirming the presence of 
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specific source species of fecal pollution impacting a water body. However, in 
order to have enough source identifications to properly address specific 
questions- a very large source species library would be required. 
Use of the CCSSD offered the most spatially and temporally synoptic 
database of source species for the identification of unknown E. coli isolates from 
the water column. The amount of source species matches was comparable to 
that of the GBSSD and RSSD at all similarity thresholds. However, this database 
may be too small and specific to allow for all unknown water isolates to be 
identified. One must also take into account isolate patterns available in the 
GBSSD as well as the RSSD. However, this analysis yielded a maximum of 
56.1% of isolates identified at either of the three similarity thresholds used 
(GBSSD at an 88.5% similarity threshold, Figure 21). 
Use of the GBSSD opens up more source species patterns for use in the 
identification of the unknown E. coli isolates from the water column. However, as 
mentioned earlier, the maximum amount of isolates identified was 56.1%. When 
one introduced the numerous sources species banding patterns available in the 
RSSD, the percentage of isolates at 100% similarity increased but only resulted 
in 27.4% of the isolates to be identified. The number of mixed matches dropped 
with the increase in similarity threshold however, the number of source species 
identified also dropped. Since our goal is to maximize the number of source 
species identifications in the most accurate way possible, a flow approach to 
source species identification was established. 
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Optimized Approach for Pollution Source Identification 
The new optimized analytical approach to source species identification 
used all the data and knowledge gathered from the "nine boxed" identification 
approach (Figure 21) and applied it in a way that uses all resources possible to 
maximize the number of source species identified and still keep spatial, temporal, 
reasonable data validity, and specificity. This optimized analytical approach 
balances more matches with less mixed source species identifications. It also 
follows a database progression from most to least temporally and spatially 
synoptic (Figure 25). 
The analysis was performed using the 90% similarity threshold which 
balances sources species identifications, number of mixed matches, and data 
specificity. The CCSSD was given priority for source species identification 
because it was the most spatially and temporally synoptic of the databases. Any 
unknown E. coli isolate from the water column that was not identified as having 
90% or greater similarity to a source species banding pattern in the CCSSD was 
then compared to the GBSSD. The GBSSD, being a larger database, contains a 
richer diversity of isolate patterns, thus increasing the likelihood of providing 
more source species identifications. This database was moderately spatially and 
temporally synoptic to the study site. Any isolate not having a 90% or more 
similarity to a source species banding pattern in the GBSSD was then compared 
to isolate banding patterns in the RSSD. The RSSD was the least spatially and 
temporally synoptic database in comparison to the specific study at Crommet 
Creek. The RSSD was the largest and most diverse collection of isolate patterns 
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used in the identification of source species. Any isolate not matching a source 
species banding pattern at 90% or more similarity using the RSSD was 
considered to be unidentified. Through this process, a total of 67% (154 out of 
230) isolates were identified to a specific source species (Table 18). This 
percentage is substantially higher than the highest percentage (56.1%) of 
isolates identified using the "nine boxed approach". 
The most abundant source species category using the optimized 
approach was wild animal, followed by wild bird, and domestic animal (Table 19). 
These data show that almost half of the source species identified was of wild 
animal in origin and about one third was of wild bird origin. This gives 
information and inferences about what management strategies may be employed 
to address the source species categories of fecal pollution (Table 20). However, 
having established an optimized analytical approach that balances spatial and 
temporal significance with data specificity- one may address specific source 
species with a reasonable amount of confidence. One can then state that the 
main sources of fecal pollution into the creek as found by the study were deer, 
fox, and geese. This then allows specific management strategies targeted at 
specific source species to be employed. 
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Figure 25: Flow Diagram of Optimized Identification of Source Species 
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Table 18: Source Species 
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Table 19: Summary of Source Species Identifications Using the Optimized 
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Table 20: Inference of Source Species Category Results in Relation to Areas for 





































































Spatial and Temporal Trends for the Identified Pollution Sources 
Sites 1, 4, 6, and 9 were located along the main channel of Crommet 
Creek with site 1 located at the mouth and site 9 located farthest upstream. Sites 
6 A-G are located up a secondary tributary of Crommet Creek with 6A farthest 
upstream and 6E located at the same position as site 6 towards the main 
channel of the creek. From a management perspective, it is useful to see which 
identified source species were identified on sites upstream from the mouth of the 
creek as well as the mouth of the creek itself before the waters flow towards the 
shellfish beds and the Great Bay. Fecal pollution sources that were identified 
upstream were also identified at the mouth of the creek (Table 21). In addition, 
the relation of pollution source strength of ribotyped samples to source 
identification can provide insight on the significance of the source's impact on 
water quality in the creek. 
By using the optimized approach for source species identification (Figure 
25), species identified at multiple sites over space and time were noted. On 
8/28/06, deer and fox were identified upstream from sites 6 and 9 respectively, 
and both were identified at site 1. The E. coli concentration was highest at site 6 
with 4000 CFU/100ml_, 800 CFU/100mL at site 1 and 60 CFU/100mL at site 9 
(Figure 9, Table 21). This suggests that deer from site 6 and upstream had the 
greatest impact on fecal pollution at the mouth of the creek at that time. 
On 8/30/06, deer and goose were identified upstream at site 6 as well as 
site 1. The E. coli concentration was highest at site 4 with 480 CFU/100ml_, 
followed by 220 at site 6. Sites 1 and 9 showed lower concentrations with 140 
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and 40 CFU/100ml_ respectively (Figure 9, Table 21). This may suggest that 
deer and geese upstream had the greatest impact regarding fecal pollution 
reaching the mouth of the creek at that time. 
On 9/5/06, deer, raccoon, human, and dog were identified up the 
secondary tributary flowing into the main channel of Crommet Creek (sites 6A-G) 
as well as site 1. Fox and chicken were identified up the secondary tributary 
(sites 6A-G) but not at site 1. The E. coli concentration was highest at site 6D 
with 1280 CFU/100ml_, followed by 680 at site 6C and 480 at site 6 (E). Sites 
6A, 6B, 6F, 6G, and 1 showed lower concentrations with 12, 72, 300, 240, and 
12 respectively (Figure 9, Table 21). This suggests that deer, raccoons, humans, 
and dogs up a secondary tributary flowing into the main channel had the greatest 
impact on fecal pollution reaching the mouth of the creek at that time. 
On 9/11/06, deer was identified upstream at sites 4 and 6 as well as site 1. 
The highest E. coli concentration was at site 6D with 2280 CFU/100mL followed 
by site 6 with 920 CFU/100mL Sites 1 and 4 showed lower concentrations with 
520 and 240 CFU/100mL respectively (Figure 9, Table 21). This suggests that 
deer upstream had the greatest impact on fecal pollution reaching the mouth of 
the creek at that time. 
On 9/20/06, isolates of human origin were identified at site 6D up the 
secondary tributary as well as downstream at site 6 and eventually downstream 
at site 1. Goose/duck isolates were also identified at site 6 and site 1. Deer, 
raccoon, unknown wildlife, and cow were identified upstream but not at the 
mouth of the creek at site 1. The highest E. coli concentration was observed at 
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site 6 with 2480 CFU/100ml_ followed by site 9 with 2080 CFU/100ml_. Sites 1, 
4, and 6D had lower concentrations with 208, 440, and 640 CFU/100ml_ 
respectively (Figure 9, Table 21). This suggests that humans as well as 
geese/ducks upstream had the greatest impact on fecal pollution reaching the 
mouth of the creek at that time. 
On 10/2/06, goose was identified at site 6D up the secondary tributary as 
well as sites 1, 4, and 6 downstream. Cow was also identified at site 6D and site 
1 but not at sites 4 or 6 which are downstream from 6D but upstream from site 1. 
Goose/duck isolates were identified at site 6 as well as downstream at site 4 and 
eventually at the mouth of the creek at site 1. Fox was identified at site 6 as well 
as site 1 but not at the intermediary site 4 flowing downstream towards the mouth 
of the creek. Seagull and muskrat were identified upstream but not at the mouth 
of the creek at site 1. The highest E. coli concentrations were observed at site 
6D with 960 CFU/100ml_ followed by site 6 with 600 CFU/100ml_. Sites 1, 4, and 
9 showed lower concentrations with 120, 80, and 160 CFU/100ml_ respectively 
(Figure 9, Table 21). This suggests that geese, geese/ducks, fox, and potentially 
cows had the greatest impact on fecal pollution reaching the mouth of the creek 
at that time. 
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Table 21: Spatial and Temporal Distribution of Identified Source Species Based 
on Optimized Identification of Pollution Source Species Results 



















































































































































































































































Water Quality of the Crommet Creek Water System 
A main focus of this study was to gage fecal contamination levels in a 
small rural tidal watershed. The sampling period covered a variety of seasonal 
conditions at Crommet Creek. The fecal coliform (FC) standard of 14 FC/100ml_ 
for shellfish harvesting was exceeded during each sampling event. These 
findings are consistent with the NHDES Shellfish Program's classification of the 
area being restricted for shellfish harvesting. Our goal was to answer where the 
fecal contamination was coming from, given the fact that the area exhibited no 
obvious pollution sources and is sparsely populated. All sampling events with 
the exception of 11/20/06 showed levels of fecal indicator bacteria (E. coli and/or 
enterococci) above NH state limits throughout the summer, fall, and colder, early 
December conditions. The warmer months were predominated by elevated 
levels of both E. coli and enterococci, while both FIB persisted in colder 
conditions, and thus lower water temperature, ultraviolet light, and degree of 
predation. These results suggest that FIB in Crommet Creek are capable of 
persisting in winter months and probably growth in warmer temperatures (Ishii et 
al., 2006). A complicating factor for the management of shellfish harvesting 
waters is the potential persistence and growth of FIB in favorable ecosystem 
conditions (Jones, 2009). 
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The findings of a seasonal dynamic of FIB concentrations in this study 
were in line with previous and ongoing findings by the NHDES sampling at the 
mouth of Crommet Creek (NHDES, 2006, 2009). FIB concentrations were 
elevated during the late summer and fall sampling events and showed a general 
decrease towards the late fall and early winter. Other studies have also reported 
concentrations of E. coli to be elevated in the summer and fall (Ishii et al., 2006; 
Solo-Gabriele et al., 2000). The amount of bioavailable nutrients and predation 
are potential controlling factors for E coli concentrations (Ishii et al., 2006). It 
has also been observed by Solo-Gabriele et al. (2000) that FIB persist in 
sediment that are then subject to tidal mixing which may reintroduce FIB into the 
water column, this effect of reintroduction of FIB into the water column may be 
exacerbated around long shallow embankments that are warm, shaded areas 
that provide protection from the sun and its potentially lethal ultraviolent radiation 
that inactivates bacteria. Such shallow shaded embankments exist in tidal 
watersheds like Crommet Creek and may contribute to elevated levels of bacteria 
in the summer and early fall. FIB from various sources and the sediment mix in 
the water column and make source species identification more complicated 
(Witty et al., 2009). However, Korajkic et al. (2009) have shown that the FIB 
concentrations in shellfish are significantly correlated to the FIB concentrations in 
the surface waters rather than in the sediment. It has also been shown in a lab 
setting that the growth of E coli in water is impaired below 21 °C and stops at 1.7 
°C which helps explain the general decrease in concentrations towards the 
cooler months of late fall and early winter (Strocchi et al., 2006). 
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A negative relationship across the sampling period was also apparent 
between E. coli and dissolved oxygen. Established relationships with 
environmental parameters such as water temperature and dissolved oxygen 
suggests a potential use of environmental variables as a preliminary gage (i.e. 
high water temperature, low dissolved oxygen) of elevated bacterial 
concentrations. It is important to note that dissolved oxygen has a higher 
saturation in cooler water temperatures that also have decreased in biological 
oxygen demand (BOD). The effect of dissolved oxygen on bacterial 
concentrations is thus more indirect and more related to water temperature. 
E. coli and enterococci exhibited a significant positive relationship across 
the sampling period suggesting that both indicator organisms reflect fecal 
contamination in similar ways. The FIB concentrations decreased with 
temperature and enterococci concentrations were often still above the water 
quality limit. By testing for both E. coli and enterococci, both freshwater and 
marine ecosystems concentration limits can be taken into account. FIB 
concentrations above their state limits imply a higher public health risk as 
compared to concentrations that fall below state limits. In this study, enterococci 
was the more conservative fecal indicator bacteria because it put up a "red flag" 
with concentration levels over the state limit throughout the sampling period. 
Mallin et al. (2001) observed that an urban landscape and its associated 
impervious surfaces reduced the ability of the land to naturally filter pollutants, 
allowing for more rapid transport of pollutants into coastal waters. Stormwater 
runoff could be a contributing factor to the higher FIB concentrations (Jones et 
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al., 2008b) at Crommet Creek, potentially from paved roads such as Durham 
Point Road which crosses the mouth of the creek near Site 1. This unfiltered 
loading of pollutants entering waterways year-round could alter the cyclical 
nature of elevated FIB concentrations in coastal environments, potentially 
resulting in continual loading across the seasons. The Crommet Creek water 
system also receives runoff from forested and marshland areas. Source species 
(animals) also reside within these areas and can contribute to fecal pollution 
within them. FIB concentrations in Crommet Creek were shown to be of concern 
in the summer and fall months especially following significant rainfall events. 
Five sampling events were in conjunction with significant rainfall (>0.40 inches) in 
48 hours. The highest FIB (E. coli and entercocci) concentrations were observed 
after 0.57 inches of rainfall followed by the second highest enterococci 
concentrations following 0.46 inches of rainfall. Three sampling events had the 
highest overall enterococci concentrations, all following over 0.46 inches of 48-
hour total precipitation preceding the sampling event. The relationship of rainfall 
with respect to sampling at Crommet Creek is important because the NHDES 
Shellfish Program uses rainfall amount as a criterion to conditionally approve and 
prohibit shellfish harvesting. 
Tidal wetland areas and watersheds provide an area that helps process 
pollutants before they enter the water system, especially for human sources of 
fecal pollution. The public health significance of animals (non-human) residing 
within these areas is seen as low compared to human sources. However, by 
understanding and identifying the sources of fecal pollution in the system, one 
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can gain a better understanding of fecal pollution dynamics. By retaining natural 
areas and ensuring their health, wetland areas and watersheds such as 
Crommet Creek can help reduce the input of human-borne FIB into the area's 
water system. 
Pollution Source Identification Using Multiple Databases 
Targeted Sampling 
Targeted sampling can be implemented as part of a sampling plan to 
determine general FIB distributions. This approach has always been routine to 
water sampling for identifying pollution sources, and Kuntz et al. (2003) have 
shown that identification of sources of fecal contamination is easier when a 
targeted sampling approach is used. They showed that it was less resource 
prohibitive to restrict all sampling (both water and fecal) to a local area. The 
initial sampling events during the Crommet Creek sampling period involved the 
sampling of seven spatially distributed sites along the water system. Considering 
the results from all sites, four of the sites were kept for routine sampling. 
Sampling events that followed incorporated additional sites to increase spatial 
sampling intensity and targeted the initial sites with the highest concentrations. 
This included the addition of site 6D following the 9/5/06 sampling event up the 
tributary adjacent to site 6 to serve as a gage of bacterial concentration in the 
upstream tributary and its potential as a pollution source. Also, site S was added 
to serve as a spatially intermediary between site 1 and site 4. This process of 
initial sampling to examine the general distribution of FIB and then focusing 
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additional sites near areas of elevated FIB concentrations provided a better 
spatial representation of Crommet Creek relative to potential pollution sources. 
Another aim of this study was to focus source identification on sites and 
samples that contained the highest FIB concentrations, particularly- to sampling 
events with E. coli concentrations above NH state standards. Ribotyping was 
thus conducted on samples from six out of the ten sampling events where NH 
water quality standards were exceeded- where bacterial loading would be most 
likely to impact water quality in Great Bay shellfishing areas and public health risk 
was supposedly most acute. Four E. coli isolates were identified by the 
RiboPrinter© Microbial Characterization System (Qualicon, 1999) as E. coli 
0157:H7 isolates, a pathogenic strain of serious public health concern. These 
isolates were all from the Site 6 tributary. More in-depth analysis of E. coli 
isolates from other studies conducted in Dr. Jones' lab that were identified as 
0157:H7 strains by the RiboPrinter© were negative by serotyping tests. 
Local Source Species Database Construction 
Local source species databases can provide a necessary anchor for 
spatial and temporal relevance of source species in a ribotyping library to the 
study area. Without a local source species database, ribotyping may not provide 
adequate source identification when using larger databases alone. This 
approach has been shown to be appropriate for microbial source tracking studies 
in small watersheds (Kelsey et al., 2008). Fecal samples were collected during 
water sampling event efforts when present in the study area. Collecting fecal 
samples in a spatially local and temporally synoptic manner relative to the study 
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area and timing, respectively, is a strategy also used by Jones (2008a, 2009), 
Kelsey et al. (2008), Carson et al. (2001), Jiang et al. (2007), Scott et al. (2003), 
and Moore et al. (2005), thus highlighting its significance for these types of 
studies. Construction of a local source species database is important in 
minimizing the effects of geographic location by focusing on collecting source 
species isolates obtained in close proximity to the sampling sites. The local 
source species database also takes into account that microflora in the source 
species intestines can show temporal variability, so obtaining fecal samples at 
the time of sampling can decrease this effect. The intestinal microflora of source 
species can change with time and be too variable for identification of pollution 
sources using broad databases (Santo Domingo et al., 2007). 
The Use of Related Databases and Varying Similarity Thresholds 
A three-database approach to analysis of E. coli isolates to better 
understand how species identification results are affected by a given database 
was shown by Kelsey et al. (2008). The three databases they used consisted of 
a local database that was temporally and geographically synoptic to their study 
area, a spatially specific database from a nearby island, and a broad statewide 
database that did not contain isolates from the other databases. They found that 
spatially and temporally specific databases were most appropriate for small 
watershed MST studies. 
For the present study, a local temporally and geographically synoptic 
database was built and the local isolate ribopatterns were used in 
a "nine boxed" approach for the identification of source species with ribopatterns 
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from the Great Bay area from previous studies termed the Great Bay Source 
Species Database (GBSSD). The ribopatterns in the GBSSD were then used in 
the same "nine boxed" approach for identification of source species with 
ribopatterns from the New England region and termed the Regional Source 
Species Database (RSSD). This "nine boxed" approach to source species 
identification provided an understanding of how the construction and integration 
of the local CCSSD enhanced the usefulness of the existing collection of 
ribopatterns by increasing the number of isolates with identified sources through 
matching of isolates when analyzed as part of the larger databases. Larger 
databases have source species and types not found in the CCSSD such as 
livestock and human sources, and many more wild animal, wild bird, and pet 
ribopatterns. Analysis of water sample isolates with a database that is larger 
than a local database that contains more source species is beneficial because it 
has the potential for more source identifications by virtue of its size and diversity 
of source species. This may also be due, in part, to the CCSSD having a limited 
scope of sources and a limited number of isolates for each source species; it is 
thus not a full representation of the source species of fecal pollution at Crommet 
Creek. Using larger databases in combination with local databases can provide 
a more complete picture of source species. 
Similarity thresholds are an important factor to consider because they 
directly affected in the amount and accuracy of identified sources of fecal 
contamination. Using an 88.5% similarity threshold yielded the most identified 
sources. Analysis using a 90% similarity threshold yielded fewer identified 
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sources however, the relative abundance amongst the different source types was 
similar to the 88.5% threshold. The 90% threshold yielded fewer sources 
identified in all databases as compared to using a lower similarity threshold; 
however, it balances the need for maximizing isolate identification with improved 
accuracy, giving greater confidence to the findings. Analysis using a 100% 
similarity threshold is the most accurate threshold for source species 
identification but it yielded far fewer identified sources. Analysis using the 
CCSSD, GBSSD, and RSSD at the similarity thresholds of 88.5%, 90%, and 
100% all showed a consistent relative abundance between the different source 
types. The fact that source species identification results did not vary greatly from 
analysis using different databases and varying similarity thresholds is important 
because nine vastly different source species identification outcomes did not 
result. This provides a solid base to optimize the source species identification 
process. 
It is useful to know if an isolate is from human or non-human origin, so 
"non-human" was included as a source category in this study. The number of 
identified isolates that fell under this source category increased with successively 
larger databases. This suggests that the larger the database, the more likely that 
it contains multiple patterns that are identical from different species. 
Identification of sources as mixed non-human is a non-specific observation that 
could help frame potential public health significance for a problematic area, but 
with caution as it is not a conclusive result of ribotyping. The confirmation of a 
non-human source must be made through further testing to ensure its identity. 
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Field and Samadpour (2007) state that there are many reasons for 
conducting microbial source tracking. The most beneficial use of current 
microbial source tracking methods is identification of sources of fecal 
contamination. Whatever the type of source identified, possible improvement in 
water quality will occur with suitable management procedures directed at that 
source (Field and Samadpour, 2007). Ribotyping with an adequately sized 
database inclusive of diverse source species ribopatterns may be more costly but 
allows consideration of sources that may not be obvious within the watershed 
and included in a local database for the identification of source species impacting 
a water system. Prior to the availability of MST, it was difficult to identify non-
human fecal contamination sources and be able to gauge their significance. 
Studies conducted in relatively natural areas, including those by Carson et al. 
(2001), Meays et al. (2006), Jones (2008a), and Kelsey et al. (2008), reported 
insignificant contribution to pollution by human sources, similar to the findings of 
this study. The inability to identify a source for some E. coli isolate patterns can 
also be an issue if they represent a significant percentage of isolates. Field and 
Samadpour (2007) discuss how the origin of FIB is assumed to be fecal, yet 
when they are not matched to a human or non-human source it may suggest the 
evolution of unique environmental strains (Kinzelman et al., 2004; McLellan, 
2004; Power et al., 2005). Isolates that cannot be identified using even the least 
stringent (88.5%) similarity threshold could thus be unique environmental strains, 
or they may have originated from sources not yet present in the source species 
databases. 
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Optimized Approach for Pollution Source Identification 
Understanding what was learned from the "nine boxed approach" involving 
3 databases and 3 similarity thresholds was key in optimizing an approach for 
pollution source identification. Lower similarity thresholds yielded more matches 
but at the same time- more mixed identifications of isolates. Increasing similarity 
thresholds decreased the amount of mixed matches but at the same time-
decreased the amount of total matches. Since the goal was to maximize the 
number of source species identifications in the most accurate way possible, a 
flow approach to source species identification was established. First, a similarity 
threshold of 90% was used for all analyses. Isolate ribopatterns were first 
identified using the CCSSD and isolates not identified were then analyzed using 
the GBSSD. The remaining unidentified isolates were analyzed using the RSSD. 
Any isolates still not identified were then considered unidentified. 
The optimized approach balances the need for having a reasonable 
number of matches with a similarity threshold that provides accurate identification 
and the need for spatially and temporally anchoring the results to the specific 
study site. At the same time, it recognizes the fact that the LSSD may not 
contain all necessary source species needed to identify the E. coli isolates from 
water samples. Therefore, if one is able to identify a significant fraction of E. coli 
isolates from water samples to sources in a LSSD, then further sources can be 
identified using larger, more diverse source species databases and thus 
maximize all available resources. 
108 
Using this approach, 67% of the E. coli isolates from the Crommet Creek 
water samples were identified to a specific source species. These results 
provide a much higher percentage of source species identifications as compared 
to other analyses used in this study. Other studies have reported ribotyping 
success rates ranging from 52-77% (Jones, 2008a; Carson et al., 2001; Kelsey 
et al., 2008) showing this study had a similar success rate to others. 
Spatial and Temporal Trends for the Identified Source Species 
Understanding the spatial and temporal dynamics of identified source 
species is important because it shifts the focus from just identifying sources to 
understanding the watershed, and therefore the actual sources of fecal 
contamination. Shellfish beds are located near the mouth of Crommet Creek, 
and Site 1 of the study area located under the Durham Point Road Bridge near 
the mouth of the Creek captures the influence of the creek's contaminants to tidal 
mixing with the bay at low tide. By focusing on this site that is last impacted 
downstream of the study area by the creek flow and is the closest to the 
shellfishing beds, one can get at the issue of how the creek is impacting the 
water ultimately headed towards the shellfish bed. 
Using the optimized approach, anchored spatially and temporally by a 
local database, to study the water quality of Crommet Creek was an appropriate 
approach for the small size of the study area. The applicability of using local 
databases to study larger scale areas would be questionable. Not much work 
has been established regarding whether ribotype profiles that are specific to 
sources in a given watershed can be useful for larger areas (Scott et al., 2003), 
109 
although this study showed ribopatterns from the larger northeast region were 
useful for application to Crommet Creek. Spatial and temporal variability of the 
source species is also an issue. Meays et al. (2006) observed in a two years 
study that wildlife was the main source category for E. coli in a rural watershed. 
Yet, the relative abundance of each category changed. They suggested that a 
good picture of what is currently impacting any targeted watershed can be 
obtained by using a single time MST study, but its significance can be temporally 
limited. Jones (2009) showed seasonal differences in the types of sources 
identified in a small Maine harbor watershed. In addition, Hartel et al. (2002) 
cautioned that ribotyping may be able to discriminate between source species at 
specific geographic locations, thus confirming use of local databases for local 
areas, but these local databases may not be appropriate for use over larger 
areas due to the geographic variability of the E. coli isolate ribopatterns. 
Ribotyping analysis using the optimized approach showed a total of 154 
isolates were identified to specific sources, most often as coming from geese, 
deer, fox, and dog. Dog identification was not temporally consistent throughout 
the study period whereas, geese, deer, and fox were consistently identified. This 
analysis shows that wildlife species were identified as the main contributors to 
fecal contamination in the watershed.. Other than dogs, the consistently 
identified source species appeared to be contributing to fecal pollution relatively 
equally overtime. 
A total of 12 human isolates were identified in this study, with the most 
identified at site 1. This is a low percentage of the identified sources, yet is of 
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highest concern to water quality managers (USEPA, 2005). Site 1 is the easiest 
affected by tidal influences and therefore may be subject to being influenced by 
source species originating from outside of the study area. Thus, the human-
borne pollution may be from leaching septic systems at homes outside of the 
study area, boating, or other recreational activities. 
The use of MST/ribotyping for identifying source species of fecal 
contamination can also inform and give a better understanding of ecosystem 
dynamics. MST studies that include identification of animal sources could 
provide a valuable baseline of information for changes in animal presence, 
changes in animal abundance, effects of increased development, variable 
environmental conditions, and climate change. Crommet Creek represents a 
rural, relatively pristine watershed with limited development, and the data from 
this study could serve as such a baseline for similar areas in the Great Bay area, 
especially if similar survey studies were conducted through time. 
Public Health Risk and Potential Management Actions 
The public health threat from human sources of fecal contamination is well 
documented and waterborne outbreaks occur with human contact to water 
bodies contaminated with human fecal matter or sewage (Levy et al., 1998; 
Upton, 2008). Gastroenteritis, hepatitis, and well as meningitis have been liked 
to waterborne viruses originating from the gastrointestinal tract of infected 
humans. Also, certain species of protozoans originating from human feces 
cause cryptosporidiosis, amebiasis, and giardiasis. All of these affect the 
gastrointestinal tract of humans who may come in contact with human fecal 
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pollution in water (Arnone and Walling, 2007). Since the public health threat from 
non-human sources is not well understood and the implications of fecal 
contamination as it stands in society's perception is that fecal contamination 
impacting water systems is a threat, it is important to identify every significant 
source of fecal pollution- be it human or non-human. Lanfranchi et al. (2003) 
point out that increased overlapping of humans, livestock, pets, and wildlife 
represents multi-directional risks for disease spread. 
Consumption of shellfish grown in areas near water systems such as 
Crommet Creek that contain elevated concentrations of FIB above shellfish 
standards are a health risk (Jones, 2008a). There have been concerns raised 
worldwide regarding the health risks associated with the consumption of shellfish 
from fecally contaminated waters. Shellfish are naturally at a higher risk for 
contamination because they bioaccumulate bacteria from the water as they feed-
and then in turn they are often eaten undercooked or raw. The most common 
pathogens found in contaminated oysters are FIB which can cause 
gastroenteritis and Vibrio species that can also cause gastroenteritis in addition 
to wound infections, ear infections, and septicemia (Jones, 2009). It is 
imperative that FIB concentrations be monitored and controlled in shellfish 
harvesting areas to avoid a potentially high public health risk (Graczyk et al., 
2010). 
Human-influenced fecal pollution sources have been show to have a 
relatively high public health risk (Mallin and Cahoon, 2003; USEPA, 2001 a,b). 
Areas have shown up to 20% of fecal pollution in watersheds identified as 
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originating from pets, namely dogs. In addition, even small scale hobby farms 
can house animals that produce up to 45 pounds of waste each day per animal 
and livestock may also excrete pathogenic bacteria such as E. coli 0157:H7 and 
salmonella, both of which may cause gastroenteritis (USEPA, 2001b). 
The public health risk from wildlife is considered to be relatively low. 
However, as mentioned earlier, the increased overlapping of wildlife and humans 
may result in wildlife transporting human fecal pollution from areas such as 
landfills and wastewater treatment plants to the coastal environment. Such is the 
case with gulls; many research studies now show that gulls which gather in 
commonly contaminated places such as wastewater treatment plants and 
landfills ingest bacteria and then disseminate it out through their feces (Cizek et 
al., 2006). Nelson et al. (2008) showed that gull feces from the Isles of Shoals 
have a greater prevalence of wastewater isolates that may be associated with 
pathogens from human feces. Therefore, wild birds such as gulls may pose a 
public health risk through the potential transport of human fecal pathogens from 
wastewater treatment plants to coastal areas. Wild birds have been shown to 
transmit over 40 diseases to humans and animals (Vlahovic et al., 2004). They 
also point out that the incidence of human infections from pathogens originating 
from wild birds still needs to be investigated. 
Pathogenic bacteria such as Campylobacter, Salmonella, and Yersinia 
have been shown to originate from wild animal feces (Arnone and Walling, 2007). 
In addition, wild animal feces have also been shown to be a source of protozoans 
such as Cryptosporidium and Giardia lamblia (Fayer et al., 2000). The public 
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health risk of wildlife on human health is a topic that is best addressed in a 
multidisciplinary fashion that balances water microbiology, wildlife management, 
public health, and epidemiology. Further investigation is necessary to determine 
actual versus potential public health risk of fecal contamination from wildlife on 
human health. 
Knowing the source species category gives a general idea of the origin of 
fecal contamination and thus what management approaches may be needed to 
eliminate the identified sources. A significant fraction of identified human 
sources would focus management efforts on septic tanks, sewers, landfills, and 
wastewater treatment plants in the area. If most identified isolates are of 
domestic animal origin the management focus may then be on pet waste, 
particularly dog droppings but also free-roaming and feral cats. Dog sources 
may pose management implications especially around hunting season when 
dogs engaged in hunting activity may be present in rural areas. A high number 
of livestock isolate identifications would focus on farms in the area as well as 
manure-fertilized fields and lawns. A majority of wild animal identifications would 
focus management resources on animals found natively in the natural area. 
Mostly wild bird source species identifications would focus resources on both 
native and migratory birds in the general area. However, the physical movement 
of source species in their habitat and migratory behavior may implicate more 
complicated management efforts. 
Deer, goose, and fox were the most consistently identified sources 
species of fecal pollution in the study area over space and time while human and 
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dog isolates were inconsistently identified. This shows that most of the fecal 
pollution sources of Crommet Creek are from wildlife with the occasional human 
and dog identification- potentially during recreation or hunting with dogs. 
Source categories of human, domestic animal, and livestock were 
inconsistently identified in the Crommet Creek study area. Management actions 
and public education regarding proper maintenance of septic systems, routine 
scraping of manure and removal of accumulated waste in farms, and proper 
clean-up and disposal of pet waste are relatively easy actions to take. Pet waste 
may also be buried one foot deep or the long grass principle may be used where 
an animal is allowed to defecate in grasses at least 10 centimeters high to help 
filter pollutants and allow natural decomposition of feces (USEPA, 2001a). 
The consistently identified wildlife may be difficult to manage although 
there have been methods such as hunting, fencing, repelling, contraception, egg 
addling, and harassing that have been established over the years (Seagle and 
Close 1996; USEPA, 2001a, b; VerCautem et al., 2006; Gizejewski et al., 2008; 
Kimball et al., 2009; HSUS, 2009). For deer, allowing hunting in specific areas in 
a targeted manner may be a feasible approach for controlling populations. 
Fencing may be an option to control the range of deer. According to VerCautem 
et al. (2006), the most important considerations in fencing for a deer 
management scenario are the level of protection needed, economics, and 
possible negative effects. They also point out that an integrated approach to 
deer management will improve its efficacy. Kimball et al. (2009) showed that 
deer can become habituated to repellants in food but topically applied irritants 
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worked the best in producing avoidance. Contraceptives may prove useful in 
both deer and goose populations. The feeding of cottonseed to male deer 
decreased their semen quality and showed no detectable side effects 
(Gizejewski et al., 2008). Seagle and Close (1996) showed that contraception for 
deer may work in smaller populations but would not be effective in an open 
population unless there were landscape-level conservation strategies in place, 
thus highlighting the need for an integrated approach. A contraceptive drug, 
OvoControl, causes geese to lay infertile eggs has been encouraged by the 
Humane Society of the United States (HSUS) (2009) as a less labor intensive 
method of goose population control. 
An effective method of controlling goose populations is addling their eggs, 
which renders them unviable (HSUS, 2009). Oiling eggs is another effective 
method in which the eggs are coated in corn oil to stop air from passing through 
the shell and prevent the embryo from developing and leaving the eggs in the 
nest. Other means of controlling goose populations include nest destruction and 
egg removal, in which eggs are allowed to cool to stop incubation and prevent 
embryo development. The eggs are then disposed of and the nesting material is 
scattered or removed. The removal and replacement of eggs has also been 
shown to be effective. It involves removing the real eggs and allowing them to 
cool thus preventing embryo development; the real eggs are disposed of and 
then replaced with dummy eggs in the nest (HSUS, 2009). Harassment can also 
encourage wild bird species to gather elsewhere. Implements such as decoys, 
plastic owls, scarecrows, eagle kites, noisemakers, and daily human presence 
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can deter birds from congregating in certain areas (EPA, 2001a, b). Habitat 
modification can also be effective because from fall through spring the vegetation 
surrounding the creek does down- leaving a clearer access to the creek. By 
planting grasses and/or bushes such as prairie grass, it may discourage geese 
from walking though the plant barriers and accessing the creek easily in addition 
to the plants being less palatable (MDC, 2011). It is often emphasized that 
integrated management action involving more than one strategy is more effective 
than a single approach. 
Conclusions and Future Research Needs 
Ribotyping Applications and Limitations 
Ribotyping can be a useful tool for pollution source identification, 
particularly on a local scale. From a watershed management perspective, it is 
often important and possible, using ribotyping, to look beyond the simpler 
delineation of human versus non-human sources. From a state or regional 
management perspective, the goal for MST applications is typically for 
state/region-wide and long-term applications. Thus, for library-based MST 
methods, long-term and widespread applications would require building source 
species databases by adding new isolate patterns with each new tracking 
project. Large, state, or region-wide databases can then be invaluable for 
extending further identification of sources for isolates not identified by local 
databases. 
Having a large database might also prove useful under water pollution 
emergency situations due to fecal pollution events. As long as the library 
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contains isolates from many representative areas and potential sources within 
the region, problematic pollution sources could be rapidly identified. It is 
important to continue building state or region-wide databases to aid in future 
projects, and to encourage local database construction whenever possible. 
Local source species databases are very useful but can be perceived as being 
too expensive for some users, yet they can truly save resources in the long run 
by providing accurate source identification information and in a much more timely 
fashion than traditional pollution source assessments. 
Combined Approaches and Needs 
The most effective strategy for using MST in pollution source assessments 
may not be the application of a single method. Instead, a combined approach 
may be the most effective. For example, Casarez et al. (2007) and Moore et al. 
(2005) used a multiple method approach of antibiotic resistance analysis and 
ribotyping. Their conclusions differed, Casarez et al. (2007) stating multiple 
methods are more beneficial than single method approaches, and Moore et al. 
(2005) stating that the results were not accurate enough for using the methods 
on environmental isolates. The general consensus is that there is no single best 
method to use, and the best method for different applications must consider the 
significant time and resources involved for large-scale library-dependent methods 
compared to the relatively new, and largely under-tested library-independent 
methods (Meays et al. 2004; USEPA, 2005; Hassan et al. 2006; Santo Domingo 
et al. 2007; Field and Samadpour, 2007; Stoeckel and Harwood, 2007). 
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This lack of a 'silver bullet' method to serve all purposes is probably what 
brought microbial source tracking experts back to the basics in the context of 
sanitary surveys (USEPA, 2007). These basic techniques may also ease the 
concerns of many communities (especially resource-limited) that are cautious to 
employ expensive MST techniques (Hartel, 2011). Therefore in cases of limited 
resources, the consideration of local knowledge, existing data, and conducting a 
general sanitary survey may help minimize the need for expensive (and therefore 
intimidating) MST techniques in poor communities (Hartel, 2011). Many 
principles and underlying methods of microbial source tracking, including 
ribotyping are shared with sanitary survey efforts (Appendix B). Thus, a 
combined approach that involves use of sanitary survey principles and a MST 
method can help in the confirmation of the findings of a sanitary survey, save 
resources by focusing and thus limiting use of MST and offer detailed insight on 
the pollution sources. The additional sanitary survey based information gathered 
during this study (maps, descriptions, tides, rainfall, environmental parameters 
etc) in conjunction with MST sampling allowed for a more robust understanding 
of the water system (USFDA, 2005; USEPA, 2007). The continued advancement 
and establishment of MST techniques can help provide the means to have 
protocols to identify sources of contamination in a variety of manners that could 
allow for greater capacity for gaining insight into how best to identify the most 
significant pollution sources in a contaminated watershed. 
The capacity of MST methods to accurately and precisely identify bacteria 
may eventually be used within the legal process of claims from parties affected 
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by bacterial pollution. The speed at which the bacterial pollution events are 
detected, understood, and corrected is highly important to control the extent of 
public health risk. If MST techniques are able to overcome the challenges that 
are related to standardization, they will be critical for the management of 
economic losses, disturbances to the ecosystem, as well as legal matters (Teaf 
et al., 2011). The current circumstances regarding the lack of universal methods 
and application for MST should not be a discouragement or render them as 
useless. Instead, it should encourage the continued process of building a 
technical consensus so that this valuable concept can be used in both the 
regulatory and legal world (Teaf et al., 2011). 
The public health risk from wildlife should be further studied to better guide 
watershed management policies (USEPA, 2007). This research need is 
"Number 2" on the near-term needs according to the USEPA (2007) behind the 
need for a understanding the use sanitary investigations for non-human sources 
of contamination. They suggest that the public health risk from fecal pollution 
sources of indigenous origin (i.e. wildlife) is probably lower than that of livestock 
(i.e. cattle and poultry) and definitely lower than human sources. There is also a 
need for understanding the dynamics of pollution sources over time and how 
longer-term effects such as global climate change may affect E. coli loading in 
surface waters resulting in greater survival and environmental proliferation in 
warmer temperatures as implied by the results of this study. This may result in 
less of a seasonal effect of fecal pollution and expanded problem conditions to 
reflect a state of longer-term pollution threats on a yearly basis. In addition, 
120 
shellfish management strategies used to open and close shellfish harvesting 
areas will need to take into account the uncertainty of issues brought about by 
climate change and a potentially changing landscape (Jones, 2009). 
There is a need for information about wildlife populations around Great 
Bay and Crommet Creek over space and time. According to the New Hampshire 
Fish and Game Department, no specific data are available on the spatial and 
temporal distribution of wildlife at that scale. It is noted that migratory bird, deer, 
and small mammal populations are fairly consistent and predictable in terms of 
behavior from year to year, but population levels are not known. Specific data on 
these populations could help researchers and managers understand if any "hot 
spots" for wildlife gathering exist and if their location and time of gathering 
changes (Hartel, 2011). The need to identify "hot spots" is also highlighted by 
Edge et al. (2010) who observed that certain areas had high populations of birds 
gathering- resulting in elevated FIB levels. Without knowing which bird species 
were the most significant sources of fecal contamination, it would be difficult to 
guide wildlife management actions (Edge et al., 2010). This information would 
then highlight areas of potential concern in the watershed, allowing targeted 
management action that can be supported through MST and ribotyping studies. 
Edge et al. (2010) point out that "knowing your beach" or watershed in the 
context of different areas within the system are being impacted by different 
source species is crucial for its management. Watersheds should not be treated 
as a static entity- but more so as an ecosystem with spatial variation. Routine 
wildlife population data collection on smaller scales, especially when focused in 
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areas of high concern because of resource limitations, would result in very useful 
data for multidisciplinary fields such as public health, epidemiology, and natural 
resources especially with increased overlapping among humans, pets, livestock, 
and wildlife which may pose a risk for multi-directional disease spread 
(Lanfranchietal.,2003). 
Many research studies such as those of Field and Samadpour (2007) and 
Kelsey et al. (2008), as well as this project, point to the ideal situation where 
analysis of unidentified E. coli isolates from water is most effective and accurate 
when using a large spatially and temporally synoptic database with a wide variety 
of source species and a 100% similarity threshold for source identification. 
These findings must be considered an ideal situation because available 
resources are almost always a severely limiting factor in defining the scope of 
MST studies, and having enough source species in a database for use with 
100% similarity as the identification threshold would be prohibitively expensive 
under most conditions. By using a method such as the optimized approach 
developed in this study that balances the number of source species identification 
results and employs the use of all available source species databases to 
maximize source identifications for water samples, one can take into account the 
time and resources needed to gather necessary amounts of data for pollution 
source identification. 
The findings of this project counter-balance the desire for an ideal and 
most accurate approach for source tracking with a more realistic approach in 
terms of available time and resources. A reasonably sized and diverse local 
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source species database can be used as the first analytical tool for identifying 
pollution sources, then existing larger and more diverse (in terms of source 
species) databases that may be available on a regional scale can be used to 
supplement source identifications using a similarity threshold for identifications 
that is less than 100% (i.e. 90%). This approach anchors the project to the 
specific study's time and location but also uses data that would already be 
available in an active laboratory engaging in MST projects. This also assures 
lab, environmental, and water quality managers that accurate source species 
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A-Table 2: Bacterial Concentrations in CFU/100ml (Fecal 




















































































































































































































































































































































































































































































































A-Table 5: Source Species in Three Pertinent Databases with Abbreviations 



















B) GBSSD: 390 No Clone Isolates 
Category 
Wild Bird (WB) 
Wild Animal (WA) 
Domestic Animal (Pets) 
(DA) 


































































C) RSSD: 1144 No Clone Isolates 
Category 
Wild Bird (WB) 
Wild Animal (WA) 
Domestic Animal (Pets) 
(DA) 








GR. BLK BACKED GULL 
HERRING GULL 













































































Note: Other relevant abbreviations include: 
M= Mixed 
MNH= Mixed Non-Human 
MW= Mixed Wild Animal 
A-Table 6: Crommet Creek MST 2006 Isolate Analyses Summary 
Table 













































































MW, D, FOX 
MW, D, FOX 
DEER 





MW, FOX, UNK. W 
FOX 
1 % Tolerance 
Species 
DEER 
MW, D, FOX 
MW, D, FOX 
GOOSE/DUCK 
MW, D, FOX 
M, G/DK, FOX, F/C, D, UNK. W 
FOX 
DOG 



































































































1 % Tolerance 
Species 
M, G/DK, F/C, D, UNK. W 
M, G/DK, FOX, 
M, G/DK, FOX, 










M, G/DK, F/C, D, UNK. W 
M, G/DK, FOX, 
M, G/DK, FOX, 
M, G/DK, FOX, 
M, G/DK, FOX, 
1% Tolerance 
Species 
M, G/DK, FOX, 
GOOSE/DUCK 
DEER 
MW, D, FOX 
DEER 
GOOSE/DUCK 

































































































































1 % Tolerance 
Species 
M, G/DK, FOX, F/C, D, 
MW, D, FOX 
GOOSE/DUCK 
M, G/DK, FOX, F/C, D, 
MW, D, FOX 
DOG 
FOX 
1 % Tolerance 
Species 
DOG 
MW, D, FOX 
M, G/DK, FOX, F/C, D, 
1% Tolerance 
Species 
M, D, DOG 
DOG 
FOX 
M, D, FOX, DOG 
M, D, FOX, DOG 
FOX 
DOG 
M, G/DK, FOX, F/C, D, 
















































































































1 % Tolerance 
Species 
M, G/DK, FOX, F/C, D, 
M, G/DK, FOX, F/C, D, 





M, G/DK, FOX, F/C, D, 
M, G/DK, FOX, F/C, D, 





MW, D, FOX 
MW, D, FOX 
DEER 
MW, D, FOX 
MW, D, FOX 
MW, D, FOX 
DEER 
























































































































MW, D, FOX 
M, G/DK, F/C, D, 




M, G/DK, FOX, F/C, D, UNK. W 
1 % Tolerance 
Species 
MW, D, FOX 
MW, D, FOX 
MW, D, FOX 
DEER 











MW, D, F/C 
1% Tolerance 
Species 
M, G/DK, FOX, F/C, D, UNK. W 






































































































M, G/DK, FOX, F/C, D, UNK. W 
M, G/DK, FOX, F/C, D, UNK. W 
M, G/DK, FOX, F/C, D, UNK. W 
GOOSE/DUCK 
GOOSE/DUCK 
M, G/DK, D 
M, G/DK, FOX, F/C, D, UNK. W 
M, G/DK, FOX, F/C, D, UNK. W 
M, G/DK, FOX, F/C, D, UNK. W 
GOOSE/DUCK 
1 % Tolerance 
Species 
M, G/DK, FOX, F/C, D, UNK. W 
MW, D, FOX 
M, G/DK, F/C, D, UNK. W 
M, G/DK, F/C, D, UNK. W 
M, G/DK, FOX, F/C, D, UNK. W 
M, G/DK, FOX, F/C, D, UNK. W 
DEER 
MW, D, FOX 
FOX 
M, G/DK, FOX, F/C, D, UNK. W 
1% Tolerance 
Species 
MW, D, FOX 
M, FOX, DOG 
M, G/DK, D 
MW, D, FOX 
M, G/DK, F/C, D, UNK. W 
M, G/DK, F/C, D, UNK. W 
DEER 
DEER 








































































































1 % Tolerance 
Species 
M, G/DK, FOX, F/C, D, 
MW, D, FOX 
MW, D, FOX 
UNK. W 
M, G/DK, F/C, D, UNK. W 
DEER 
M, G/DK, F/C, D, UNK. W 
M, G/DK, FOX, F/C, D, 
UNK. WILDLIFE 
M, G/DK, FOX, F/C, D, 
M, G/DK, FOX, F/C, D, 
1 % Tolerance 
Species 
M, FOX, D, DOG 
M, G/DK, FOX, F/C, D, 




MW, D, FOX 
M, D, DOG 
FOX 
M, D, DOG 
1 % Tolerance 
Species 
M, FOX, D, DOG 
M, FOX, D, DOG 
MW, D, FOX 
FOX 
M, D, DOG 
GOOSE/DUCK 



































































































































































































MW, D, FOX 
MW, D, FOX 
DOG 
MW, D, FOX 

































































1 % Tolerance 
Species 
M, H, WA 



































































































MNH, WA, L 
M, H, WA, L 
1 % Tolerance 
Species 
M, H, WA, WB, 
M, H, WA, WB, 
M, H.WA, WB, 
M, H, WA, WB, 
M, H, WA, WB, 
M, H, WA, WB, 
M, H, WA, WB, 
M, H, WA, WB, 
M, H, WA, WB, 
1 % Tolerance 
Species 
M, H.WA, WB, 



































































































































MH, HUM, WW 
1% Tolerance 
Species 
M, H,WA,WB, L 
M, H,WA,WB, L 
GOOSE 
M, H, WA, WB, L 
WASTEWATER 
DOG 
MNH, WA, WB 
1 % Tolerance 
Species 
M, H, WA 
CHICKEN 
MNH.WB, L 






M, H, WA, L, DA 
DOG 
M, H, WA, DA 




































































































1 % Tolerance 
Species 
M, H, WB, DA 
MNH, WA, DA 
DEER 
M, H.WA, L, DA 







M, H, WA, WB, L 
M, H,WA,WB, L 
M, H.WA.WB, L 
M, H,WA,WB, L 




M, H.WA.WB, L 
MNH,WA,WB 


















































































































MNH, WA, L 
FOX 
M, H, WA, L, DA 
M, H, WA, WB, L 
M, H,WA,WB, L 
MNH, WA, L 














































































































MNH, WA, L 








MWA, COY, D 
1% Tolerance 
Species 
M, H,WA,WB, L 
MNH, D, G/DK, FOX, UNK. W 
1 % Tolerance 
Species 
M, H, L 
M, H,WA, WB, L 




M, H, WA, WB, L 
M, H,WA,WB, L 
M, H,WA,WB, L 
M, H, WA 
1% Tolerance 
Species 
M, H,WA,WB, L 
MNH, WA, L, DA 
M, H, WA, WB, L 
M, H, WA, WB, L 
M, H, WA, WB, L 
M, H, WA, WB, L 
M, H, WA 
MNH, WA, L, DA 
GOOSE 











































































































1 % Tolerance 
Species 
M, H,WA, L 
GOOSE 
MNH,WA,WB, L 
M, H,WA, L, DA 
M,H,WA,WB, L 
M, H, WA, WB, L 
SEPTAGE 
MWA, COY, D 
M, H,WA,WB, L 
M, H,WB 
1 % Tolerance 
Species 
M, H,WA,WB, L 
MH, HUM, WW 
COW 
COYOTE 
MNH, WA, L 
COW 
WASTEWTER 
M, H,WA, L 
M, H,WA,WB, L 




M, H,WA,WB, L 






















































































































MNH, WA, L 
WASTEWATER 
SPARROW 
MWA, COY, D 
1 % Tolerance 
Species 










1 % Tolerance 
Species 
COW 
MNH, WA, L 

























































































1 % Tolerance 
Species 
COYOTE 





























































1 % Tolerance 
Species 
M, H, WA, WB, DA 
M 
M, H, WA, L 








































































































MNH, WA, WB, DA 
M 
M, H, WA 
M 
MNH, WA, WB 
COW 
MNH, WA, WB, L, DA 
M 














MNH, WA, WB, DA 
M, H, DA 
MNH, WA, WB 
MNH, WA, WB, L, DA 
BGULL 
PIGEON 
M, H,WA,WB, L, DA 
MDA, CAT, DOG 












































































































MNH, WA, DA 
MNH, WA, DA 
MNH, WA, DA 




MNH, WA, DA 
MNH, WA, DA 













M, H, WA, WB, L 
MNH, WB, L 
1 % Tolerance 
Species 
MNH, WA, DA 
MNH, WA, DA 
M, H, WA 
HUMAN 
HUMAN 
M, H, DA 
M, H, WA, WB, DA 




































































































1 % Tolerance 
Species 
M, H,WB, DA 
M, H, WA, WB, DA 
DEER 
M, H, WA, WB, L, DA 
M, H, WA, WB, DA 
M, H, WA 
M, H,WA 
M, H,WA, L 
M, H,WA,WB, DA 
1% Tolerance 
Species 
M, H,WA,WB, L, DA 
M 





M, H,WA,WB, L, DA 
M, H,WA,WB, L, DA 
M, H,WA,WB, L, DA 
1 % Tolerance 
Species 
MNH, WA, WB 
DEER 
M 
MNH, WA, DA 
MNH, WA, WB, DA 
MNH, WA, DA 
MNH, WA, DA 
MNH, WA, DA 


























































































M, H,WA, WB, L 
SPARROW 
RACOON 
MNH, WB, DA 
1 % Tolerance 
Species 
CORMORANT 





M, H.WA, WB, L, DA 
MNH.WB, DA 
SHEEP 









MNH, WA, WB 

































































































1 % Tolerance 
Species 
BGULL, HGULL 
MNH, WA, WB, L 
HGULL 
MNH, WA, DA 





MNH, WA, DA 
1 % Tolerance 
Species 
M, H,WA,WB, L, DA 


































































































































MNH, WA, WB, 
GOOSE 
M 
1 % Tolerance 
Species 
M 












M, H, WA, WB, 
M, H, L 
COYOTE 
M, H, WA, WB, 












M, H.WA, DA 
M 
M, H, WA, WB, 




M, H,WA, WB 























































































































MNH, WA, WB, 
SHEEP 
M, H, WA, WB, 



















MNH, WA, WB, 
HGULL 
1 % Tolerance 
Species 
MNH, WA, L 
M, H,WA, WB, 
L 
L 
MWB, GULL, HGULL 
MNH, WA, L 
MNH, WA, WB, 
MUSKRAT 
GOOSE 
MNH, WA, WB 
M 










































































MWB, DUCK, GOOSE 
MWB, DUCK, GOOSE 
GOOSE 





MWB, DUCK, GOOSE 
COW 
1 % Tolerance 
Species 
MWA, COY, RFOX 
HGULL 
MNH, WA, DA 












































































































































































































































































































































































































































































MICROBIAL SOURCE TRACKING METHODS SUCH AS RIBOTYPING AS A 
SUPPORT FOR SANITARY SURVEY EFFORTS 
Introduction 
Sanitary surveys have been a means to evaluate and document sources 
of contamination for shellfish harvesting, recreational beaches, and other 
concerns (EPA, 2005; FDA, 2005). According to the 2007 EPA Report of the 
Experts Scientific Workshop on Critical Research Needs for the Development of 
New or Revised Recreational Water Quality Criteria (EPA, 2007), several 
research needs focus on the determination of what conditions a sanitary survey 
would be sufficient and under what conditions it may require a MST study as a 
supplement. That is, the minimum elements for a sanitary survey should be 
identified. By focusing on minimum elements, investigations can avoid having to 
expend resources for MST studies, require lower levels of resources & cost, and 
still be useful (EPA, 2007). On the other hand, the main premises behind a 
sanitary survey can be greatly enhanced through use of MST efforts which can 
be used to support the overall sanitary survey procedures. This combined 
approach can help in the confirmation of the findings of a sanitary survey as well 
as offer detailed insight on the pollution sources using a targeted sampling 
approach. The following discussion will outline and highlight components of 
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sanitary survey efforts as presented in the 2005 FDA NSSP Guide (FDA, 2005) 
and focus on how these efforts can be supported via ribotyping. 
Description of Watershed Area 
Such as the case with Crommet Creek, many watersheds are already 
classified and have defined boundaries. The watershed in question should be 
examined on maps on a variety of spatial scales. It is important to at minimum 
examine topographical maps and satellite maps. These maps are easily 
accessed via common programs such as Google Maps (www.maps.google.com), 
Google Earth (www.earth.google.com) as well as the USGS National Map 
(www.nationalmap.gov). These maps should be examined to focus on changes 
in topography that may affect water flow through the watershed in addition to any 
apparent development near and within the watershed that may be associated 
with pollution sources. The extent and nature of the development in the 
watershed should be identified on maps as well as ground-truthed in the field. In 
addition, if the area has mixed land use or recreational uses it should be noted 
what times of the year important influences to the area occur e.g. hunting, horse 
dressage, camping, bathing, or animal grazing, in addition to bird and wild animal 
migration patterns and seasonal behavior. 
In addition to maps, when possible photographs should be taken of areas 
of interest and the coordinates of the picture should be recorded so that if 
needed the picture can be retaken over time for monitoring efforts and to 
understand change in the area over time. All areas of interest should be located 
on a map and the coordinates should be charted. Specific focus should be given 
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to domestic wastes, industrial wastes, storm water drains, agricultural operations, 
pet exercise areas, migratory patterns, and wildlife habitats (FDA, 2005). 
Development of Sampling Plan 
Any existing data regarding bacterial contamination and local knowledge 
about possible sources of contamination should be examined prior to sampling. 
Sampling sites should be selected in a manner ranging from upstream of all 
suspected pollution sources to downstream towards the mouth of the water 
system. Additional sites should be placed at the mouths of any tributaries at 
minimum and then within further upstream tributaries if they are found to be 
significant sources of bacterial contamination. After the coordinates of these 
primary sites are charted, sites closest to the water that are influenced by 
developments/areas of interest should be included as high priority sites. 
The initial sampling events should be as comprehensive as possible 
based on available resources. The number of sampling sites should be based on 
the size and layout of the watershed or area of concern within the watershed. 
The sampling plan should include sampling as frequent as possible within the 
means of the study. Before beginning sampling, data sources from which tidal 
data (high, low, amplitude) if it is a tidal water system and rainfall amount each 
date throughout the sampling period should be determined. For the study of 
water quality, a field appropriate means of measuring environmental parameters 
such as water temperature, salinity, dissolved oxygen, and pH (if available) 
should be identified. These data help to interpret the bacterial concentration 
data. Fecal source samples should be collected during the sampling period when 
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found present near the water system in question so a means of identifying all 
possible source species should be addressed during sampling. 
Execution of Sampling Plan 
The environmental conditions under which sampling is conducted should 
be kept consistent (e.g. morning, noon, or night sampling). If the area is tidal, the 
sampling should occur at low tide to minimize the influence of tidal mixing so the 
focus can be on the water system and associated pollution sources in question. 
Water samples can be taken in the same order as outlined in the map 
prepared for the sampling plan as a guide to keep sampling temporally consistent 
between sampling events. While water samples are being taken, environmental 
parameters should be measured and close inspection of the area for fecal matter 
should be conducted. Representative and fresh fecal matter should be collected, 
stored on ice along with the water samples, to eventually help identify all possible 
sources of contamination using ribotyping or other MST methods and analyses. 
The locations and general descriptions of the collected fecal matter should be 
noted. If possible, the fecal samples should be photographed near a ruler to 
ease in their identification. The fecal sample identifications should be noted. 
During the main sanitary investigation, fecal samples from other nearby potential 
sources of interest (e.g. wastewater and livestock) should also be obtained. 
Water Quality Study Analysis 
Water samples should be analyzed for the targeted indicators or bacterial 
species and their concentrations should be reported as CFU/100ml_. A table for 
each sampling event should contain tidal stage at sampling, high tide, low tide, 
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and tidal amplitude (if applicable). Also, the rainfall for the sampling date as well 
as two days prior should be recorded at a minimum. Water temperature, salinity, 
and dissolved oxygen should be recorded and any changes that may affect 
bacterial concentrations should be noted. The bacterial data should be 
examined for overall compliance with state criteria. The dates should then be 
sorted according to level of pollution condition (FDA, 2005). These dates are the 
prioritized dates for the next additional steps to help support the sanitary survey. 
The relative distribution of multiple bacterial indicators, such as E. coli and 
enterococci, is a useful indicator for gaining a better understanding of the 
dynamics of the wide range of bacteria found in fecal material once it 
contaminates surface waters. Also, relationships between bacterial 
concentrations and environmental variables should be examined. The bacterial 
data should be analyzed to examine the effect of wet weather versus dry weather 
on fecal indicator bacteria concentration as well as during any extreme weather 
(if possible) to define worst-case conditions for pollution sources and their effects 
on water quality. 
Use of MST Principles 
Study sites of high interest based on the importance of their location as 
well as elevated levels of E. coli should be prioritized for ribotyping or other MST 
methods. The E. coli isolates associated with the prioritized sites should be 
confirmed through basic biochemical tests thus ensuring that resources for 
ribotyping are used as effectively as possible. 
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E. coli isolates from collected fecal samples should all be used for 
construction of a local source species database. Priority should be given to all of 
the fecal samples collected unlike the prioritization given to the water samples 
based on their location and elevated E. coli levels. This effort in ribotyping can 
prove quite effective and beneficial in understanding the sources and dynamics 
of fecal pollution as long as a targeted approach is aimed at getting at the heart 
of the question that is being addressed. 
Each E. coli isolate chosen for analysis from water samples should be 
compared individually to known source isolates in the database(s) to identify 
pollution sources. Such critical information cannot be obtained via determination 
of bacterial concentration alone. In order to have a clear understanding of the 
pollution sources into a water body one must identify the source of contamination 
by first locating areas of interest and then using MST methods to tie to source 
and eventually the source dynamics. 
Analysis using the Combined Approach 
The isolate identifications made using ribotyping and the data on bacterial 
concentration at sampling sites can offer insight on pollution sources affecting the 
study area. This is important in developing a pollution source management plan 
for the area. The areas of interest can be examined spatially and temporally for 
dynamics of fecal pollution sources. This combined approach is especially 
efficient because a majority of the steps needed to complete a sanitary survey 
are also part of MST approaches. Even though some easily identifiable potential 
sources of contamination can be identified through sanitary surveys, it is not 
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possible to confirm sources and to track their origins spatially and temporally. 
These limitations can be addressed via the support of MST methods such as 
ribotyping to provide a clear, targeted approach to identify sources of fecal 





In an effort to promote public awareness and outreach, simplified products 
that summarize research aimed at non-scientific audiences are crucial. The key 
for scientists in the Natural Resources/Environmental Science field is to keep 
researching and stay continually updated on recent developments around the 
world. This knowledge must then be conveyed to the general public in a clear 
and consistent message. Mixed signals are what appear to be most frustrating 
and discouraging to the general public- and rightfully so. 
Scientists must focus on outreach through many outlets. Elements of 
focus should be on printed materials made specifically for a target audience (i.e. 
children vs. educators vs. households vs. management). Also, media in the form 
of television, movies, and audio must be treated as important tools to promote 
interaction and stewardship and decrease static boxed-in science. Issues such 
as pollution and global climate change that affect the general public must be 
conveyed and in essence marketed in a coherent, fact-based, and approachable 
manner. The nature of tomorrow's challenges in Natural Resources is critical 
and broad-based. This will surely make the field all the more interdisciplinary 
and scientists will respond and act accordingly. Therefore, the following is a 
product aimed at bridging science and the public. 
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IA A key objective for protecting human health and 
sustainability in coastal waters is to reduce fecal 
pollution levels. Fecal coliforms such as Escherichia 
coli are indicators of fecal contamination and of 
potential public health risks that may be brought about 
by contact with contaminated waters resulting in 
human disease transmission. Concentrations of fecal 
indicator bacteria exceed surface water quality 
standards in a significant portion of monitored surface 
waters. In addition to being a public health threat, 
fecally contaminated waters also pose economic issues 
due to closed shellfishing beds and beaches. The 
necessary approach for managing pollution in these 
areas is to identify the major sources of contamination 
and then pursue remediation. Therefore, an accurate 
picture of the most significant sources of 
contamination is crucial for addressing potential public 
health risks and for efficient and effective use of time 
and money. 
K Non-point sources are a significant contributor to fecal 
bacteria contamination. There are a variety of different 
non-point sources ranging from farming operations to 
malfunctioning septic systems. Wild animals may also 
play a significant role, especially in areas where no 
human or livestock sources are apparent. Microbial 
Source Tracking (MST) methods have been developed 
and used to aid in the identification of non-point 
sources of pollution that impact surface waters. MST 
tools can be used to the benefit of a wide array of 
issues including public health risk management, 
ecosystem restoration, and beach and shellfish 
harvesting area closures. 
S3 Ribotyping is an effective MST method for studying 
pollution sources because it focuses on identifying and 
prioritizing actual source species rather than just 
bacterial concentrations. By learning which species are 
the sources of contamination, environmental and water 
quality managers can use resources to target the most 
significant contributors and eliminate public health 
risks to shellfish consumers. 
What is the difference between a point source 
and a non-point source? 
S3 Point sources can be defined as recognizable and confined passages such as 
ditches, or pipes that pollutants may discharge from. j 
S3 Non-point sources are not easily recognizable as sources of pollution such as | 
septic systems, livestock, pets, and wildlife, agricultural areas, storm-water ! 
runoff, and marinas. i 
175 
Description of Water System Area 
E3 Many watersheds are already classified and have defined boundaries. The 
watershed in question should be examined on maps on a variety of spatial 
scales. Maps are easily accessed via common programs such as Google Maps 
(www.maps.aooqle.com), Google Earth (www.earth.gooqle.com) as well as the 
USGS National Map (www.nationalmap.gov). The extent and nature of 
developments in the watershed should be identified on maps as well as ground-
truthed in the field. 
SI If the area has mixed land use or recreational uses it should be noted what 
times of the year important influences to the area occur e.g. hunting, horse 
dressage, camping, bathing, or animal grazing, in addition to bird and wild 
animal migration patterns and seasonal behavior. 
E3 When possible photographs should be taken of areas of interest and the 
coordinates of the picture should be recorded so that if needed the picture can 
be retaken over time for monitoring efforts and to understand change in the 
area. All areas of interest should be located on a map and the coordinates 
should be charted. Specific focus should be given to domestic wastes, 
industrial wastes, storm water drains, agricultural operations, pet exercise 
areas, migratory patterns, and wildlife habitats. 
D e v e l o p m e n t o f S a m p l i n g P lan 
D Any existing data regarding bacterial contamination and local knowledge about 
possible sources of contamination should be examined prior to sampling. 
E3 Sampling sites should be selected in a manner ranging from upstream of all 
suspected pollution sources to downstream towards the mouth of the water 
system. Additional sites should be placed at the mouths of any tributaries at 
minimum and then within further upstream tributaries if they are found to be 
significant sources of bacterial contamination. 
E3 The sampling events should be as comprehensive as possible based on 
available resources. The number of sampling sites should be based on the size 
and layout of the watershed or area of concern within the watershed. Before 
beginning sampling, rainfall amount each date throughout the sampling period 
as well as data sources from which tidal data (high, low, amplitude) if it is a tidal 
water system should be determined. 
S3 For the study of water quality, a field appropriate means of measuring 
environmental parameters such as water temperature, salinity, dissolved 
oxygen, and pH (if available) should be identified. These data help to interpret 
the bacterial concentration data. Fecal source samples should be collected 
during the sampling period when found present near the water system in 
question so a means of identifying all possible source species should be 
addressed during sampling. 
176 
Execution of Sampling Plan 
li The environmental conditions under which sampling is conducted should be 
kept consistent (e.g. morning, noon, or night sampling). If the area is tidal, the 
sampling should occur at low tide to minimize the influence of tidal mixing so 
the focus can be on the water system and associated pollution sources in 
question. 
•H While water samples are being taken, environmental parameters should be 
measured and close inspection of the area for fecal matter should be 
conducted. Representative and fresh fecal matter should be collected, stored 
on ice along with the water samples, to eventually help identify all possible 
sources of contamination using ribotyping or other MST methods and analyses. 
13 The locations and general descriptions of the collected fecal matter should be 
noted. If possible, the fecal samples should be photographed near a ruler to 
ease in their identification. The fecal sample identifications should be noted. 
During the main sanitary investigation, fecal samples from other nearby 
potential sources of interest (e.g. wastewater and livestock) should also be 
obtained. 
Water Quality Analysis 
S3 Data collected for each sampling event should contain bacterial concentration, 
tidal data, rainfall for the sampling date as well as two days prior, water 
temperature, salinity, and dissolved oxygen. The bacterial data should be 
examined for overall compliance with state criteria. The dates should then be 
sorted according to level of pollution condition. 
E3 The relative distribution of multiple bacterial indicators, such as E. coli and 
enterococci, is a useful indicator for gaining a better understanding of the 
dynamics of the wide range of bacteria found in fecal material once it 
contaminates surface waters. Also, relationships between bacterial 
concentrations and environmental variables should be examined. The bacterial 
data should be analyzed to examine the effect of wet weather versus dry 
weather on fecal indicator bacteria concentration as well as during any extreme 
weather (if possible) to define worst-case conditions for pollution sources and 
their effects on water quality. 




Crommii Creek 828/06 
How do Microbial Source Tracking methods such as 
ribotyping work? 
MST studies rely on matching genetic information of bacterial strains 
isolated from a water system to those isolated from various hosts (e.g., 
humans, cows, deer, geese, etc.). 
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iplication of MST Principles 
•HH Study sites of high interest based on the importance of their location as well as 
elevated levels of E. coli should be prioritized for ribotyping or other MST 
methods. The E. coli isolates associated with the prioritized sites should be 
confirmed through basic biochemical tests thus ensuring that resources for 
ribotyping are used as effectively as possible. 
II E. coli isolates from collected fecal samples should all be used for construction 
of a local source species database. This effort in ribotyping can prove quite 
effective and beneficial in understanding the sources and dynamics of fecal 
pollution as long as a targeted approach is aimed at getting at the heart of the 
question that is being addressed. 
S3 Each E. coli isolate chosen for analysis from water samples should be 
compared individually to known source isolates in the database(s) to identify 
pollution sources. Such critical information cannot be obtained via 
determination of bacterial concentration alone. In order to have a clear 
understanding of the pollution sources into a water body one must identify the 
source of contamination by first locating areas of interest and then using WIST 
methods to tie to source and eventually the source dynamics. 
.imitations of Traditional Methods and Conclusions 
S3 The isolate identifications made using MST such as ribotyping and the data on 
bacterial concentration at sampling sites can offer insight on pollution sources 
affecting the study area. This is important in developing a pollution source 
management plan for the area. 
I I The areas of interest can be examined spatially and temporally for dynamics of 
fecal pollution sources. Even though some easily identifiable potential sources 
of contamination can be identified through sanitary surveys, it is not possible 
to confirm sources and to track their origins spatially and temporally. These 
limitations can be addressed via the support of MST methods such as 
ribotyping to provide a clear, targeted approach to identify sources of fecal 
pollution in watersheds. 
The appropriateness of using microbial source tracking via ribotyping to identify 
sources of fecal pollution is dependent on the nature of the defined problem and level 
of fecal source discrimination desired (i.e. human vs. non-human, category vs. 
category, or species vs. species). Ribotyping should be used as a support and not as 
a substitute for routine water quality monitoring. If situations arise where no 
recognizable sources of pollution can be identified during limiting conditions, then the 
approach when used in a targeted manner can serve as a useful tool for identifying 
non-point sources of fecal pollution. 
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